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In   urbanizing   rural   communities   in   India,   bone   development   in   children   and
adolescents  may be affected by nutrition transition.  This   thesis  work used a  life­
course approach to investigate the combined effects of early life undernutrition and





The  first   study examined bone mass   in   the  population  of  APCAPS.  Over  50% of
female and 30% of male participants aged 50 years and above had osteopenia or
osteoporosis. Peak bone mass was low in this lean rural population (hip BMD in 20­
29   year   old   female:   0.84±0.1;   male:   0.95±0.11   g/cm2)   in   comparison   to   the
reference values from a healthy Indian population in the same age group (female:
0.90±0.11;  male:  0.99±0.13).  There was clearer  evidence of  positive association
between hip BMD and lean mass than fat mass in this population.
Research Paper 2:



















optimal   peak   bone  mass,   increase   in   body   size   in   late   adolescence   and   young
adulthood was beneficial for bone mass accrual in this young population. There is a
need to develop strategies to take advantage of, and also prevent any detrimental
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Table 3.6 Standard   of   living   index   scores   in   the   Andhra   Pradesh
Children and Parents Study.
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Table 1 Characteristics   of   the   participants   of   the   Andhra   Pradesh
Parents and Children Study (2009­2012).
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Table 1 Participant   characteristics  of   the  Andhra  Pradesh  Children
and Parents Study cohort in 2009–2010
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Table 3 Women:   univariable   and  multivariable   models   examining




Table 4 Men:   univariable   and   multivariable   models   examining




Table 5 Men:   univariable   and   multivariable   models   examining











































mass   index   during   adolescence   (2003­2005)   and   current
bone mineral density (2009­2012) in hip in young adults of




mass   index   during   adolescence   (2003­2005)   and   current
bone mineral density (2009­2012) in lumbar spine in young












mineral   content,   mineral   density)   in   adulthood   and
adolescent body size. 
Table 6.3 Multivariable   models   examining   associations   between
current  bone mineral  density   in  hip and body mass   index
during adolescence in young adults of the Andhra Pradesh
Children   and   Parents   Study   (2003­2012)   using   a   dataset
with imputed values for missing data.
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dataset with imputed values for missing data.
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with imputed values for missing data.
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Table 6.6 Multivariable models   for association between bone area  in
lumbar spine and adolescent body mass index in the Andhra







Table 6.8 Characteristics   of   body   composition   in   adolescent






third  wave  of   data   collection   (2010­2012)   in   the  Andhra
Pradesh Children and Parents Study (APCAPS).
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Table 6.10 Multivariable  models   examining   association  between  bone






















Figure 3.3 Relationship  between  night­time   light   intensity   scores   and
the total number of non­residential places. 
73







Figure 1 Flowchart   of   participant   recruitment   at   follow­up   in   the

































































new bone  ­   throughout   its   life.   In  healthy   skeletal  development,   there   is  greater
deposition of new material than resorption, resulting in bone elongation and mass




Along  with   socioeconomic  development,  many   low and  middle   income countries
(LMICs) are experiencing epidemiological transition, resulting in increased burden
from non­communicable diseases (NCDs) [1,2]. Various aspects of social and physical
environments   change   during   rapid   economic   growth   in   LMICs,   including
development of    basic   infrastructure (i.e.  water,   sewer,   solid  waste management,
electricity,   transportation,  health   care   facilities,   schools),   increased  availability  of
advanced technology (i.e. agricultural and industrial machines, household appliance,
communication technology), and systems supporting these advances in infrastructure
and   technology.   The   effects   of   these   changes   on   health   are   complex;   while
infrastructural development can directly and indirectly contribute to improvement of





Nutrition   is   one  of   the  key   contributing   factors   for   epidemiological   transition   in
LMICs,   partially  mediating   the   effects   of   socioeconomic   development   on   health:













countries as well  [7]. Physical activity  level  has generally been declining globally
largely because of the decreasing proportion of the population engaging in manual
labor   (i.e.  agriculture),   reduced   activity   load   in   manual   labor   itself   due   to










transition,   facing   a   complex   epidemiological   profile   with   dual   burden   of
undernutrition/overnutrition and communicable/non­communicable diseases (NCD).




a   key   determinant   of   bone   health   in   later   life.  Osteoporosis  is   a   condition
characterized by low bone mineral density and microarchitectural deterioration, most
commonly   affecting   the   elderly.   It   increases   risk   of   fragility   fracture,   which   is
associated with higher morbidity and mortality [9]. Given its aging population, India
19









need   for   nutritional   improvement   in  undernourished  mothers   and   children   from
LMICs.   On   the   other   hand,   studies   from   HICs   have   shown   that   urbanicity   is
associated with greater risk of fractures, which suggests negative effects of urbanized
lifestyles   on  bone   health  [16].  However,   it   is   currently   not   clear   how  nutrition





the   timing  of   transition   in   relation   to   the   lifecourse  of  bone.  For   instance,   rural
residents in LMICs who are exposed to urbanization and nutrition transition just until
puberty may achieve higher peak bone mass than those who experience transition
after  bone development  is  completed.  There are relatively   few studies  examining
bone mass accrual in populations who experienced nutrition transition. Even when




Andhra Pradesh Children and Parents  Study (APCAPS).  Anecdotally,  urbanization
and nutrition transition have been occurring in this study community over the past
decade.   Using   cross­sectional   and   longitudinal   data   from   APCAPS,   this   work




The   overall   objective   of   this   thesis   is   to   examine   the   combined   effects   of

























































the   pilot   study   in   3   villages,   and   helped   with   training   and   management   of
fieldworkers who completed the mapping of NRPs in the remaining 26 villages. The
















At   the   same   time,   non­communicable   diseases   such   as   coronary   heart   diseases
(CHD), stroke,  cancer,  and osteoporosis  have become more prevalent.  NCDs now
account for over 60 % of deaths globally and 80% of the global burden from NCDs
are in LMICs [19,20]. Most of the NCD burden in LMICs lies in mere 23 countries,
which were estimated to   lose US$84 billion between 2006 and 2015  from CHD,
stroke, and diabetes alone [20]. 
Through a series of economic reforms since the 1980s, India has been experiencing
rapid   socioeconomic   development  [21].   Such   development   has   contributed   to
demographic and epidemiological transitions over the past three decades. Over 30%










profiles  [17].   Nutrition   transition   is   characterized   by   changes   in   diet,   physical
activity,   and   body   composition  [6].   In   one   commonly   cited  model   of   nutrition
transition,   the   progression   of   nutrition   transition   is   described   in   relation   of
technological development (agriculture and industrialization), predominant dietary
and activity patterns, and nutrition­related health issues [25]. Simple put, this model
suggests   that,   as  nutrition   transition  progresses,   changes   in  dietary  and  physical
activity  habits   lead   to   shifts   in  body   size  and  composition,   from underweight   to
healthy   weight,   and   then   to   obesity   with   high   fat   and   low   lean   mass   body
composition. One of the key element of nutrition transition in the 20th  century is
reduction of  famine due to  improved efficiency in industrial  food production and







While   in   reality,   nutrition   transition   is   not   as   simple   nor   linear   as   this  model
describes, HICs have generally followed this pattern over the past century. In HICs,




Nutrition   transition   has   been   occurring   to   varying   degrees   throughout   India,
contributing   to   a   gradual   rise   in   the   overall  NCD  prevalence   over   the  past   few
decades  [29].   Famine  was  a   frequent  and   common problem until   the   early  20 th
century in India: between 1860 and 1908, there were twenty recorded famines [30].








[31].  Subgroup analyses show uneven patterns of cereal  consumption,  where the




Fat   intake  was  greater   in  urban  areas   in  all  but   the   state  of  Punjab  [31].  High
socioeconomic group had greater fat intake in both urban and rural areas [31]. Sugar









The   temporal   analysis   of   caloric   intake   in   the   NSS   also   shows   how   nutrition










These   dietary   changes   are   accompanied   by   changes   in   body   size   as  well.   The
decennial National Family Health Survey has been collecting data on nutrition, along
with demographic  and other  health  metrics   since 1992,  which allows  analysis  of
secular trends in body size and composition in the Indian population over the past
two  decades  [35].   The   percentage   of   underweight   children   has   decreased   from
51.5% in 1992­93 to 40.4% in 2005­06; however, this proportion of underweight
children   is   still   high   compared   to   HICs  [36].   About   a   third   of   adults   were
underweight while more than 12% were overweight or obese in 2005­06 [36]. 
Both  undernutrition   and  overnutrition   are   thought   to   have   long­term   effects   on
health through distinct mechanisms. Early life undernutrition is suggested to have
long­lasting   effects   such   as   shorter   adult   height,   lower   educational   attainment,
reduced economic productivity, and lower offspring birth weight  [37]. Even when
nutritional   status   improves   postnatally,   there   may   be   harmful   effects   of   rapid
postnatal weight gain in children born with low birth weight,  including increased
adulthood blood glucose concentrations and blood pressure [37]. Life­course analysis
of  NCD risk  factors  is  especially   important  in  the context of  LMICs,  where many






matrix  mineralization)   all   contribute   to   bone   strength  [38].  Various   diagnostic
criteria are suggested for osteoporosis, including low bone mineral density (BMD),
fracture   history,   bone   turnover  markers,   family   history,  medication   history,   and
menopausal status for women [38]. 
Low BMD is a predictor of fracture risk and has been commonly used as a criterion
for diagnoses of  osteoporosis.  The current “gold standard”  for  measuring BMD is











a person may be osteoporotic  in one skeletal site but not others  [38,41].  Several
studies examining South Asians living in the U.S. and U.K. to other ethnic groups
have   found   that   South  Asians   tend   to  have   smaller   bone   sizes   and   lower  DXA­
measured bone mineral density [42–44]. Lower BMD among South Asians is partially
due   to   smaller   skeletal   size,  which   is   not   automatically   accounted   for   on  DXA









years old)   living  in urban cities  (Hyderabad,  New Delhi,  Lucknow, and Mumbai)
[48]. These peak bone mass values are likely to be more appropriate for diagnosis of






2 For this thesis, the term “bone mass” is used to refer to both BMC and BMD although a strict 










Osteoporosis   can   lead   to   severe   clinical   and   economic   consequences  [53].















that  have  examined prevalence  of  osteoporosis  and osteoporotic   fractures  among








accumulating evidence of   increasing prevalence of  osteoporosis  among  Indians,  a
study in Mumbai found that the correct knowledge and awareness of osteoporosis
and risk factors of osteoporosis were low among women [60].






























which contributes   to high prevalence of  undernutrition and  infectious diseases   in








where   governments   focus  more  on   economic   and   infrastructural   development   in
urban than rural areas [70]. A clear example of urban bias was seen in China, where




increased   inequality,   less   outdoor   space  and  opportunities   to   engage   in  physical
activity, violent crimes, and poor hygiene in urban slums [73]. 
The  process   of   changes   in   social,   economic,   political   and  physical   environments
during urbanization are complex, with many aspects of society developing at uneven







urbanization   outside   of   population   growth.   Water   supply,   sewer,   solid   waste
















people   can   directly   strengthen   health   care   and   food   distribution   systems;   for


























more   limited   in   rural   areas.  For   instance,   despite   significant   infrastructural
improvement   in   both   urban   and   rural   areas,   urban­rural   inequalities   have   been
widening in China – in 1998, per capita out­of­pocket health expenditure in China
was nearly   twice as  high  in rural  as  urban areas  [71].  The Indian  Infrastructure










prevent   individuals   from attending schools  [56].  Greater   investment  in  education
may have a positive impact on health in urbanizing rural India.
Many   countries   have   invested   heavily   in   development   of   Information   and
Communication Technology4, or ICT, to stimulate economic growth  [90]. Although
there  is  mixed evidence on the effects  of  ICT  investment on economic growth  in
LMICs, ICT is still of significant interest to LMICs as it could potentially contribute to
improved access to markets and social networks, health care, education, government




vehicle   for   providing   health   interventions   or   improving   health   systems   in  many
4  ICT   is   defined   as   a   “set   of   activities   that   facilitates  the   capturing,   storage,   processing,
transmission and display of   information by electronic  means”  [89].  Examples  of   ICT includes
mobile   phones,   radio,   television,   computers,   network   hardware,     satellite   systems,   and   any
associated software.
34
countries  with  a  number  of   studies  showing promising results  [95,96].  Access   to
information  through  the   Internet  has  been   steadily   increasing  as  well  –  about  2
billion   people from LMICs are now estimated to be using the Internet  [94]. Mass
media  could  also  be used  as  a   tool   to  promote  health  conscious    behaviors  ( i.e.
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Comparison of Bone Mineral Density
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Studies from high income countries (HIC) have generally shown higher osteoporotic frac-
ture rates in urban areas than rural areas. Low bone mineral density (BMD) increases sus-
ceptibility to fractures. This review aimed to assess whether urbanicity is consistently
associated with lower BMD globally.
Method
Ovid MEDLINE, EMBASE, and Global Health (-April 2013) were searched for articles inves-
tigating differences in bone mineral content (BMC) or BMD between urban and rural areas.
Ratio of means (RoM) of BMD were used to estimate effect sizes in meta-analysis, with an
exception for one study that only presented BMC data.
Results
Fifteen articles from eleven distinct populations were included in the review; seven popula-
tions from four high income countries and four from three low and middle income countries
(LMIC). Meta-analysis showed conflicting evidence for urban-rural difference in BMD; stud-
ies from high income countries generally showed higher BMD in rural areas while the results
were more mixed in studies from low and middle income countries (HIC RoM = 0.05; 95%
CI: 0.03 to 0.06; LMIC RoM = -0.04: 95% CI: -0.1 to 0.01).
Conclusions
Urban-rural differences of bone mineral density may be context-specific. BMDmay be
higher in urban areas in some lower income countries. More studies with robust designs
and analytical techniques are needed to understand mechanisms underlying the effects of
urbanization on bone mass accrual and loss.
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Introduction
Morbidity and mortality associated with hip fracture is a major public health concern [1–4].
Suboptimal bone mineral density (BMD), muscle weakness, impaired balance and cognition
can all contribute to osteoporotic hip fracture [4]. Bone mass accrual and loss are influenced by
a number of modifiable risk factors throughout life, including dietary intake of calcium and
protein, serum vitamin D level, and weight-bearing physical activity [5,6].
A previous systematic review showed moderate evidence for lower fracture rates in rural
areas compared to urban areas [7]. Most of the studies in this review were from high income
countries (HIC), as defined by the World Bank [8], due to better availability of reliable fracture
records. However, the prevalence of osteoporotic fracture has been rising in low and middle
income countries (LMIC), where rapid urbanization has also been taking place [9]. Lifestyles,
especially dietary patterns and physical activity levels, generally vary between urban and rural
areas but how they differ may be context-specific, especially in relation to stages of economic
development at country level [10]. There is therefore a need to examine the effect of urbanicity
on bone mass accrual and loss globally.
Bone densimetry tools like dual-energy x-ray absorptiometry (DXA) have been used for the
assessment of bone mass and density in both HICs and LMICs. These data enable assessment
of association between urbanicity and BMD in a global context. Bone mass data are also avail-
able from wider age groups than osteoporotic fracture records, allowing assessment of the effect
of urbanicity in younger populations as well.
We assessed the evidence on comparison of bone mineral density between urban and rural
areas in meta-analyses and examined any variation in patterns of urban-rural differences
among countries at differing stages of economic development.
Method
The Preferred Reporting Items for Systematic Reviews and Meta-Analysis checklist and flow
diagram were referred to structure this manuscript [11].
Search Strategy
We reviewed articles investigating differences in bone mineral density or content for adults
( 20 years) as well as children and adolescents (<20 years) living in urban or rural areas.
Search terms used for bone outcomes were “bone mass”, “bone mineral density”, “bone min-
eral content”, BMD, and BMC. Terms “osteoporosis” and “osteopenia” were also included in
the initial search in order to be more inclusive although they were not primary outcomes of
interest. In addition, we searched for studies including terms for “urban” or “rural”.
Appropriate wild cards were used to account for use and non-use of space and dashes. We
searched the MEDLINE, EMBASE, and GLOBAL HEALTH electronic databases for full arti-
cles published before April 2013. We excluded the following publication types: Historical Arti-
cle or News or Newspaper Article or Review, Multicase or Review, Tutorial or Review of
Reported Cases (OVIDMedline), Review (OVID EMBASE), and Patent (OVID Global
Health). The complete search strategies are listed in the Supporting Information S1 Table.
Study selection and inclusion criteria
We included studies that compared bone mineral density or content between urban and rural
areas in the same country (Fig 1). Duplicate articles were removed (n = 104) and then two
reviewers independently examined the titles and abstracts for inclusion. Articles with only
abstracts available or articles written in non-English languages were excluded. Full articles
Bone Mass Comparison between Urban and Rural Areas
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were examined when it was not clear from the titles or abstracts whether comparison of BMC
or BMD in urban and rural areas was done. The discrepancies (n = 14) were resolved in a con-
sensus meeting. Inter-rater agreement was assessed using kappa coefficients (κ) [12].
Data extraction
Data extraction was done by two independent reviewers. We extracted the following data:
country, year of the study, definitions of urban or rural areas, sample size (n), age, mean and
standard deviation (sd) of BMD (or BMC if BMD data were not available) in urban and rural
area, and, where available, results of statistical comparison between urban and rural groups.
The economic status of the countries at the time of study were identified, using the World
Fig 1. Flow diagram of study selection process from initial search to included studies.
doi:10.1371/journal.pone.0132239.g001
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Bank’s classification system, and categorized into either low and middle income countries or
high income countries [8,13]
The Thai Epidemiological Study had three articles based on the same study population and
four independent sets of data were extracted, which differed in sex (men and women) and sites
of bone mass measurements (hip and lumbar spine) [14,15]. For men in the Thai Epidemiolog-
ical Study, BMD data from the same study population were presented in two articles. We used
the data from the 2006 article for the meta-analyses as the article had a slightly higher sample
size for the rural population (duplicated data for the urban population).
Data analysis
When data from sub-groups within each sex, such as age groups and pre/postmenopausal
women, were presented in articles, the data were pooled into one group to conduct statistical
comparison between urban and rural areas. All hip data were based on femoral neck measure-
ments. The analyses in this review were done separately for high income countries and low and
middle income countries.
We used the ratio of means (RoM) between rural and urban populations to allow compari-
son of results from studies using different instruments [16,17]. RoM of BMD was calculated for
all but one study, which only presented BMC data [18]. The natural logarithm of RoM and its
SE were calculated for each study for the analysis. Random effects models controlling for het-
erogeneity in between-study variation were tested. The heterogeneity of effects across studies
were estimated by Q test. Publication bias was assessed by a funnel plot and Egger's test. Q test,
funnel plot, and Egger's test were only performed for HIC papers as there were too few studies
from LMIC. All statistical analyses were performed in R version 3.1.1.
Results
Search results and study types
The initial search yielded 260 articles, of which 54 articles were found potentially eligible for
inclusion after title and abstract search. In the full text search, 39 articles were further excluded
because of one of the following reasons: they only had BMC or BMD data for either urban or
rural areas; only osteoporosis prevalence data were available; only abstracts were available; or
the articles were written in non-English language. A total of 15 articles met our selection crite-
ria (Fig 1) [14,15,18–30]. Inter-rater agreement was high; two reviewers (MM and RP) scored
156 items and agreed on 137 (87%, κ = 0.62). No other articles were identified through hand-
searching of the reference lists of these 15 articles. There were three articles published using the
same population from the Thai Epidemiological Study [14,15,27]. These three articles provided
four datasets (hip and lumbar spine bone mass measurements for men and for women) for our
meta-analyses. There were two articles based on a study population in Malmö, Sweden, and
two articles from the Norwegian Epidemiological Osteoporosis Studies (NOREPOS)
[14,15,19,24–27]. A study by Gärdsell et al included only BMC data [18]. One HIC study did
not provide sample sizes for urban and rural populations [29].
All studies had difficulty blinding researchers from urban and rural locations as the bone
mass measurements were typically done within the towns where participants resided. The only
cohort study included in this review was a large-scale, multi-decade study from Sweden and
had low participation rates [19,24]. Table 1 shows the characteristics of the included studies.
Three studies were conducted within the last decade [14,15,22,23,27]. Six studies were from
low and middle income countries (China [23,28], Thailand [14,15,27], and Sri Lanka [22]) and
nine studies were from high income countries (Norway [25,26], Sweden [19,21,24,30], Poland
[20], and the United States of America (USA) [29]). The age range of the study participants
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Urban and rural deﬁnitions
LMIC Thailand; Pongchaiyakul
[15];
20–84; n = 872 DXA U: Bangkok, a capital city, a population of 5.7






R: Khon Kaen, a province, a population of
1.8 million, considered one of the most









20–84; n = 847 DXA (same as above)
2006 men and
women
China; Wanli [28]; >60; n = 470 SPA No deﬁnition given. All from Hongmen
country of Xinxiang city.
2005 men and
women




R: a village of a county with an agricultural
residential registration according to the
Chinese residential registration system
Sri Lanka; Ranathunga [22]; 11–16; n = 1181 DXA U: Colombo
2008 girls R: Pannala
HIC Norway; Omsland [26]; >65; n = 7333 SXA Based on the population density of the
election district (refers to Meyer et al):
NOREPOS 2011 women U: urban Tromsø;
R: rural Tromsø (additionally, the rural region
included Nord-Trøndelag, a rural county with
a few small villages.)






Sweden; Sundberg [21]; 15–16; n = 250 DXA U: a suburb of the city of Malmo, population
size of 245,000, population density of 1595




R: Hassleholm County, population size of
50,000, 38 inhabit/km2
Sweden; Ringsberg [30]; 65–89; n = 165 SPA U: the city of Malmo, the third largest city in
Sweden, population size of 240,000, a centre
of trade and industry.
2001 women R: Sjobo, a typical agricultural community
Sweden; Rosengren [19]; 50–80; (1988/89)
n = 437
SPA Based on the national population records:
2010 women (1998/99)
n = 289
U: the city of Malmo, population size of
230,383 in 1987 and 265,481 in 2002.
(Continued)
Bone Mass Comparison between Urban and Rural Areas
PLOS ONE | DOI:10.1371/journal.pone.0132239 July 10, 2015 5 / 11
was from 11 to 89 years. There were two studies that examined adolescents under 20 years old
[21,22]. All studies analyzed BMC and/or BMD in urban and rural areas for each sex sepa-
rately. The majority of the articles were based on dual x-ray absorptiometry (DXA) data
(n = 8) while five articles used single photon absorptiometry (SPA) and two articles used single
x-ray absorptiometry (SXA). Bone mass measurements in all studies were done on the same
type of bone densitometer within each study. There were nine studies whose main research
question included urban and rural comparison of BMC/BMD [14,18,20–23,25,29].
There was a wide variation in the definition of urban and rural areas as shown in Table 1:
one study gave no definition [28]; one study only gave the names of the urban and rural areas
[22]; one study used rural features such as 40km from the nearest town, lack of industry, and
high farming practice [20]; one study was based on the national residential registration for agri-
cultural and non-agricultural areas [23]; all other studies used census data of population size or
density, with some additionally describing the patterns in agricultural practice. One study com-
pared physically active urban population to rural population as well as non-active urban popu-
lation [30]. Another study compared two rural sub-populations, Hutterite population, who is
an isolated religious community that engages in self-sufficient lifestyle through agriculture, and

















Urban and rural deﬁnitions
R: nine rural municipalities near the country
village Sjobo, all predominantly agricultural
municipalities, population size of 134,458 in
1987 and 141,989 in 2001.
Rosengren [24]; 50–80; (1988/89)
n = 323
SPA (same as above)
2012 men (1998/99)
n = 141
Sweden; Gardsell [18]; 40; n = 961 SPA Based on the Central Bureau of Statistics:
1991 men and
women
U: Malmo, the third largest city in Sweden,
population size of 231,575 in 1988, a typical
Swedish urban population.
R: Sjobo, population size of 15,350 in 1988,
considered one of the most typical
agricultural communities in Sweden.
Poland; Filip [20]; 30–79; n = 503 DXA U: Lublin urban area
2001 women R: Urzędów district, 40km from the nearest
town, lack of industry, signiﬁcant percentage
of farmers.
USA; Specker [29]; 20–66; n = 1189 DXA Based on the Rural-Urban Continuum Codes






Non-rural: population size of 2500 to 19,999.
R: completely rural or population size of less
than 2500.
Hutterite: isolated communal living,
agricultural-based rural lifestyle.
LMIC: low and middle income countries; HIC: high income countries; SPA: single photon absorptiometry; SXA: single-energy x-ray absorptiometry; DXA:
dual-energy x-ray absorptiometry; U: Urban; R: Rural
doi:10.1371/journal.pone.0132239.t001
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Fig 2 (HIC) and Fig 3 (LMIC) show the meta-analysis of BMD in urban and rural popula-
tions, with the exception of BMC comparison by Gärdsell et al [18]. There were five articles
examining hip, seven articles lumbar spine, five articles forearm, one article finger, and one
article total body. Since both 1988/89 and 1998/99 data in Rosengren’s cohort study showed
similar patterns in BMD differences between urban and rural areas, the values from two time
points were pooled for meta- analysis.
The pooled analysis showed that rural residents had a 5% higher BMD than urban residents
in HIC (RoM = 0.05; 95% CI: 0.03 to 0.06). On the other hand, studies from LMICs showed
mixed results (RoM = -0.04: 95% CI: -0.1 to 0.01). Publication bias for HIC studies did not
indicate any systematic trend of publication bias (Egger's test p = 0.78). There was between-
study heterogeneity found for HIC studies (Q = 51; p<0.001). Publication bias and heteroge-
neity were not tested for LMIC studies as there were too few studies.
Discussion
Three out of four studies from low and middle income countries provided evidence that bone
mineral density in urban areas is higher than rural areas while there was no study from high
income countries that showed higher BMD in urban areas.
Comparison with previous research
Our findings from HIC studies are generally in line with the moderate evidence found in a pre-
vious systematic review for lower risk of osteoporotic hip fracture among rural residents [7].
Mixed results in LMIC found here are in concordance with a view expressed previously on
Fig 2. Ratio of means and 95% confidence interval for comparing bonemineral content or density in urban and rural populations in high income
countries. Symbol sizes are proportional to sample sizes. The overall effect size was derived from a random-effects model. LS: lumbar spine. WB: whole
body. F: female. M: male.
doi:10.1371/journal.pone.0132239.g002
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osteoporosis and urbanicity in LMIC [31]. The discrepancy in findings between HIC and
LMIC shown in this review suggests that the effect of urbanization may be context-specific.
There is a possibility that further economic development in LMIC may shift patterns of associ-
ation between urbanicity and BMDmore towards negative associations seen in HIC through
environmental and individual lifestyle changes.
There are a number of potential lifestyle and environmental factors contributing to healthier
bone development in rural areas in HIC, including higher physical activity level, higher serum
vitamin D level, and less air pollution. A handful of studies conducted further statistical analy-
ses to show how these risk factors may be associated with regional differences in BMD. In high
income countries, longer sedentary time, lower micronutrient intake, and lower BMI are gener-
ally considered to be characteristics of urban dwellers. In Norway, urban women had lower
BMI than rural women and body size adjustment attenuated the BMD differences between
urban and rural areas in women [25]. Physical activity level or smoking status did not explain
the regional differences. In Sweden, urban women who have engaged in regular exercise activ-
ity for twenty years had higher BMD in comparison to urban women who did not regularly
exercise [30]. The difference between rural women and active urban women was less clear. In
the South Dakota Rural Bone Health Study (SDRBHS), all rural residents engaged in more
than 75% of their life on a farm and spent less than 1040 hours a year on non-farming work.
Although there were differences in BMD between rural and non-rural populations, current
physical activity level, dietary intake of calcium and vitamin D, or muscle strength did not
explain these population differences. The authors speculated that the higher physical activity
level during childhood and adolescence in the farming rural population may be partially
responsible for the observed difference.
Fig 3. Ratio of means and 95% confidence interval for comparing bonemineral content or density in urban and rural populations in low andmiddle
income countries. Symbol sizes are proportional to sample sizes. The overall effect size was derived from a random-effects model. LS: lumbar spine. WB:
whole body. F: female. M: male.
doi:10.1371/journal.pone.0132239.g003
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On the other hand, in lower income countries, urban residents may have better bone health
profiles as they have better access to food, education, jobs, and social welfare that may not be
available in rural areas. The studies from China showed higher BMC and BMD in urban areas
[23]. Gu et al showed that the urban and rural difference was attenuated in men upon adjust-
ment for body size, suggesting that higher body mass due to better nutrition may contribute to
higher BMD in urban area [23]. However, for women, the urban and rural difference persisted
even after adjusting for body size, income, milk consumption, calcium and vitamin D supple-
ment intake, total physical activity, walking, and social activity. The Thai Epidemiological
Study explored whether regional differences in lean and fat mass explained BMD differences
[15]. Rural residents had higher lean mass and lower fat mass but did not always show higher
BMD when compared to urban residents. The matched pair analysis in men showed that lean
mass explained more of the variance of urban and rural difference in BMD than fat mass.
Although lean mass was positively associated with BMD in women as well, the urban and rural
difference in lean mass did not account for the differences in BMD as much as in men.
Strengths and limitations
There are some limitations to this review. Only full articles were reviewed while there were sev-
eral conference abstracts describing urban-rural differences in BMD. Articles written in non-
English languages were also excluded, which is likely to have reduced the number of articles
from LMIC included in this study. For instance, Gu et al discusses four papers written in Chi-
nese that showed a range of findings for urban-rural differences in BMD or the prevalence of
osteoporosis in China.
The number of studies included in this review was fairly small. More studies, especially
from LMIC, are needed in order to ascertain our observation on differences in urban and rural
areas between HIC and LMIC. Because there were only seven countries included in this review,
the interaction between national income levels and urba-rural differences could not be tested
statistically formally and therefore, the conclusion should be treated with caution. Similarly to
Brennan’s review, the definitions of urban and rural area varied considerably among studies,
which also urges careful interpretation of the results. Ten out of eleven studies were based on
cross-sectional data limiting causal inference between urbanicity and bone mineral density.
More cohort studies are needed in order to determine how urban and rural lifestyles and envi-
ronments may influence bone mass accrual and loss throughout life.
There were also very few studies examining children and adolescents. While there were
more studies examining younger adults (<50 years), most studies focused on the elderly. If life-
styles during the bone development phase are indeed important as suggested in the SDRBHS,
there needs to be more studies on how lifestyle and environmental changes due to urbanization
may be associated with bone development in younger populations. Suboptimal bone mineral
density is a major contributing factor for osteoporotic hip fracture. Since body size is strongly
associated with bone mineral density, better food availability in cities may be beneficial for
bone development in lower income countries, at least during the initial phase of economic
transition. Low physical activity level and excess food intake are more commonly observed
among urban dwellers in higher income countries in comparison to urban areas in lower
income countries. As the epidemic of osteoporosis continues to grow globally, effects of urbani-
zation on bone health in LMICs and HICs ought to be carefully examined in order to develop
appropriate interventions.
Summary Box. What is already known on this subject?
- Bone mineral density is a key determinant of osteoporotic fractures.
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- Whether BMD is higher in urban than rural areas globally is not known
What does this study add?
- Bone mineral density was higher in urban areas in some low and middle income countries
while no high income countries showed higher BMD in urban areas.
- There may be different underlying mechanisms of the effects of urbanization on bone mineral
density in countries at various economic stages.
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104].  About  30g of  calcium  is  accrued prenatally,  with  most  accretion occurring
during the third trimester  [105,106]. The patterns of bone growth remain similar
between  girls   and  boys  until   puberty.  As   children  enter  puberty,   sex  differences
become apparent; bone tends to grow larger in and bone mass accrual lasts longer in
males   than   females  [107,108];   in  Canada,   average  peak   calcium accretion   rates
among healthy adolescents of 284 mg/day for females and 359mg/day for males and











biological  mechanisms underlying  intrauterine programming of  bone development



















and cartilage,   including protein,  minerals (calcium, phosphorus,  magnesium, zinc,
copper), vitamins C, D and K. [107,127]. 










daily   supplementation   of   1.5g   calcium   for  mothers   from   gestation  week   20   to
delivery did not show any improvement in bone mass of the offspring during the first
year   of   life  [131].  Although   some   small   studies   suggested   potential   benefits   of
greater vitamin D level during pregnancy, a large prospective cohort study from the
UK found no clear evidence between offspring bone mass at age 9 and maternal







may  be   small   in   comparison   to   postnatal   risk   factors;   for   instance,   in   the  Pune





[127,135–138].   In   children  whose   calcium   and   vitamin  D   intake   are   very   low,
supplementation of these nutrients may be beneficial in improving bone mass accrual
or reducing the risk of fracture in later life [139]. 
In   addition   to   diet,   there   is   consistent   evidence   from   both   intervention   and
observational studies on positive effects  of weight­bearing physical  activity during
childhood  and   adolescence  on  bone  mass   accrual  [140–142].   Positive   effects   of
weight­bearing physical activity may even be more important than calcium intake
[143].  A mechanostat  theory  states  that mechanical  strain resulting from weight­
loading   stimulates  alterations   in  bone architecture  [144,145].  Certain  bone  sites,
such  as  hip,  experience  weight­loading  more   than  the  other  bone sites  and may











instance,   the   British   Birth   Cohort   Study   showed   a   positive   association   between










nutrition   transition   driven   by   abrupt   changes   in   dietary   environment   such   as
international adoption, nutritional intervention, and migration from LMICs to HICs.
















from mild   to  severe  undernutrition  (weight­for­height  Z­score   less   than –0.1645)
upon nutritional treatment and support  [155]. Compared to the control group who
52






adolescents  with  anorexia  nervosa  on   subsequent  bone  mass   accrual  [156–159].
Abnormally low body weight and delay in sexual maturation seen in adolescents with
anorexia nervosa are associated with reduced bone mass accrual [160–162]. A small




weight   recovery   and   resumption   of   menstruation   due   to   successful   treatment
resulting in catch­up accrual of bone mass in adolescents [164–166]. However, many
of these studies also showed that BMD remained below the optimal levels for their
ages  even years  after   successful   treatment,   suggesting   that   severe  undernutrition
during   this   critical  growth  period  may have  permanent  negative  effects  on  bone
mass. 
Extrapolation of   these  findings   for  undernourished populations   in  LMICs requires
caution   as   the   timing   of   exposure   to   undernutrition  may   be  more   acute   in   an
adolescent   population   with   anorexia   nervosa   (i.e.  underweight   only   during
adolescence and normal weight during infancy) whereas undernourished adolescent
populations in LMICs are more likely to have been exposed to chronic undernutrition
throughout   their   lives.  More   detailed   description   of   the   timing   of   exposure   to




















those  who  were   born   after   the  war  [169].   This   study   assumed   that   the   study
population was exposed to undernutrition before World War II and the timing of
exposure   to  undernutrition  was   estimated   from birth   years;   however,   there   is   a




















nutrition   transition   (i.e.  sufficient  nutrition  during   infancy,   severe  undernutrition
during childhood and adolescence,  nutritional   improvement  in young adulthood).




time of  bone mass  measurement;  however,   these   retrospective  studies  often   lack
detailed anthropometric data from earlier life, and therefore it is not clear at which
stages   in   the   lifecourse   of   bone   these   populations   experienced   nutritional
improvement. 
Migration from LMICs to HIC














In   studies   examining  Chinese  migrants   to   the  USA  and  Denmark,  older   ages   at
migration were negatively associated with BMD [174–176]. Among Southeast Asian
women  who  migrated   to   the   USA   too,   older   age   at  migration   as  well   as  late
55
menarche, which was assumed to be due to early life undernutrition, were associated
with  lower  BMD  [177].  Based on  the hypothesis   that  coastal   residents  were  less
affected by drought­related famine because of the access to seafood, the authors also
examined   association   with   bone   mass   and   coastal   birth   and   found   a   positive
association.   These   results   suggest   that   Southeast   Asian   women   who   did   not
experience early life undernutrition or experienced transition from undernutrition at
a   younger  age  had  higher  BMD during  adulthood.  Farming  at   age  18  was   also
associated with increased BMD, which supports the importance of physical activity
during the growth phase even in an undernourished population. 
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inadequate   protein   intake   during   pregnancy  [184].   In   contrast,   the   NDBC   is
undertaken within the city of New Delhi and the study population is relatively well­











old)  whose mothers  who had a  higher   frequency of   intake of  calcium­rich   foods
during  pregnancy   (milk,  milk  products,  pulses,  non­vegetarian   foods,  green  leafy


















Urbanicity rural urban rural/urbanizing
Initial recruitment All   married   women   of
reproductive age from the study
villages   (n=2,675)   were
recruited. 1102 women became
pregnant. 762 live births.
20755   never­married   women





Hyderabad   Nutrition   Trial:   All
women (aged 13­45) considered
exposed to the risk of pregnancy
were   monitored   for   last





Participant SES low middle low­middle
Follow­up studies (sample size) annually   in   1994­2009  [186];
detailed   study   at   age   6   (n  =
653)[187]  and   12   (n  =   690)
[188].








NA Pregnant/lactating  women   and












along   with   early   childhood
education,   health,   hygiene
and   nutrition   education   for
the  mothers,   and   delivery   of
other   national   programmes
(immunization,   anemia
control and basic health care)
in   the   Integrated   Child
Development   Services   (ICDS)
scheme.
neonates
    birth   weight   (only   a   small
subset could be linked).
Infancy and childhood† (age) (Parental   total   body   and   LS
BMC   and   BMD  when   children
were six years old.)
SD   scores   for   height   and  BMI
for   each   subject   at   age   six
months   and   at   birthdays   from
age 1 to 11 years.





birthdays   from   age   12   to   18
years.
Changes   in   height   and   BMI
during adolescence (11 years to
adulthood)






birthdays   from   age   18   to   21
years.
Lifestyle   variables   (exercise





(for   women)   reproductive












areal   density   at   femoral   neck
(FN),   lumbar   spine   (LS;   L1­4)




areal   density   for   total   hip,





Hologic  QDR 4500A  fan  beam
DXA machine
Hologic   Discovery   A   and
4500W.
Main   research   questions   for To   examine   the   relationship To examine association between To   examine   association   of
61
longitudinal analyses of bones between   maternal   nutritional
status   (body   size,   body
composition,   dietary   intakes,
micronutrient   in   blood   and





supplementation   and   to




Children   (6   years)   of  mothers
who had a higher frequency of
intake   of   calcium­rich   foods
during   pregnancy   (milk,   milk
products, pulses, non­vegetarian
foods,   green   leafy   vegetables,
fruit) had higher total and spine
bone mineral content and BMD,
and   children   of   mothers   with
higher   folate   status   at   28   wk
gestation  had  higher   total   and
spine   BMD,   independent   of
parental   body   size   and   DXA
measurements.
The   associations  between  peak
bone   mass   and
infancy/childhood/adolescent
BMI   and   skeletal   growth   are
















Chapter   4,   5   and   6   all   analyzed   data   from   APCAPS;   therefore   only   the
methodological   information   pertaining   to   all   research   papers   are   described   in











































































Urbanization   is   often   associated  with   greater   convenience   and   employment   and
education opportunities, attracting more people to migrate to urbanized areas and
leading   to   a   rapid   increase   in   population   size  [195].  However,   population   size,
especially   in   transitional   rural   settings,   may   not   always   reflect   degrees   of
urbanization and, more importantly, do not describe the process of urbanization that












LMICs  [197,198].     Availability   of   longitudinal   NTLI   data   allows   assessment   of
urbanization in the APCAPS community over the past few decades. 
A detailed description of NTLI estimation in APCAPS is included in  APPENDIX C.




fires   and   lightening)   and   calibration,   “stable”   datasets   are   published  on  NOAA's
website,  which   are  updated   periodically.  NTLI   values   are   on   a   scale   of   relative
intensity of light ranging from 0 (no light) to 63 (high intensity). In years where data




scale  based  on  fieldworkers'  perception  of  urbanicity  of   the   study  villages.  Eight
fieldworkers on the APCAPS team were asked to rank all villages by their perception














Village names  1992 2002 2012
Ibrahimpatnam 10.4 15.1 29.1
Sheriguda  8.7 12.4 27.2
Patelguda  10.0 10.0 27.0
Mangalpalli  6.8 10.0 21.2




Seetharampet 4.6 7.0 10.4
Nomula 4.6 7.0 10.0
Lingampalli 5.1 8.0 12.0
Engalgda  7.0 11.0 19.0
7 Based on literature review on potential indicators of urbanicity, 14 questions were selected to
be   part   of   this   urbanicity   scale,   of  which  7  were   at   the   household­level   (motor   vehicle
ownership,   phone   ownership,   television   ownership,   in­residence   water   source,   toilet,
construction material, household size) an 7 at the village level (education, occupation, post­




Polkampalli  6.0 12.0 20.0
Nainampalli  5.1 10.1 17.0
Raipole  5.8 9.8 16.0
Dandumylaram  3.7 7.0 10.4
Rachaloor  0.9 7.0 12.0
Lemur  5.0 7.0 14.7
Mankhal  11.0 15.1 36.9
Thummalur  5.8 9.2 14.3
Maheshwaram  6.0 12.1 22.2
Mansanpalli  4.0 8.1 20.7
Gudur  0.0 6.2 11.2
Kandurkur  4.6 8.5 18.0
Gummadivalli  4.0 5.7 10.0
Thimmapur  2.4 6.0 14.6
Meerkhanpet  4.0 5.0 10.8
Sardarnagar  11.8 25.3 42.2
Aakulamylaram  0.0 5.0 12.0
Nedunur 4.9 6.1 13.1




























were   selected   based   on   populations   sizes   and   advice   by   local   experts.   The











external   light  contamination),   these villages  were  removed  from the  comparative
analysis of urbanicity scales. The urbanicity scores were then categorized into tertiles
(high, medium,  low urbanicity groups).  Percent agreement (% agreement) and κ














Village names Total   number   of
NRPs
Number   of   NRP





Number   of   food
ingredient
vendors
Ibrahimpatnam 1264 98 112 92
Sheriguda  147 52 15 2
Patelguda  156 43 5 9
Mangalpalli  153 49 18 3
Uppariguda  53 24 1 6
Pocharam/
Ramireddyguda*
105 33 3 4
Seetharampet 33 20 0 5
Nomula 47 20 2 1
Lingampalli 86 31 4 2
Engalgda  16 9 0 0
Polkampalli  119 39 2 4
Nainampalli  64 29 1 4
Raipole  211 65 22 18
Dandumylaram  176 49 7 10
Rachaloor  103 39 4 5
Lemur  140 42 10 3
Mankhal  106 41 6 6
Thummalur  110 44 5 4
71
Maheshwaram  558 94 41 20
Mansanpalli  123 49 6 9
Gudur  84 29 2 3
Kandurkur  402 97 21 22
Gummadivalli  76 38 6 22
Thimmapur  114 41 5 5
Meerkhanpet  135 50 4 17
Sardarnagar  54 21 1 0
Aakulamylaram  54 30 4 9
Nedunur 159 41 6 9












The  urbanicity   scales  based  on  the   total  number  NRPs   showed   fair   to  moderate
agreement with other scales (TABLE 3.4). 





% agreement  (95%CI)κ % agreement  (95%CI)κ
Fieldworker 50.0 0.44 (0.14,0.75) 50.0 0.44 (0.14,0.75)
NTLI 69.2 0.41 (0.01,0.81) 65.4 0.47 (0.1,0.83)






number  of   available   non­residential   places;  NRP   types  = number  of   types  of   available  non­
residential places; Fieldworker = fieldworkers' perception of urbanicity of the study villages; NTLI
= night­time light intensity; NTLI+ = night­time light intensity plus 14 indicators of urbanicity. 
There   is   no   consensus   on  what   constitutes   as   the   “gold   standard”   in   defining
urbanicity  [196]. The census data may be useful for comparing overall patterns of
urbanization  with   other   studies   since   populations   size   and   density   are   common
indicators used in defining urbanicity. In terms of understanding the urbanization
over the past   two decades  in the study community,  NTLI  is  likely  to offer  better
evidence  as   it   reflect   infrastructural  development  in   these  villages.  Data on non­
residential   places   offer   direct   measures   of   changes   in   environment   due   to
urbanization, which may be useful for understanding the relationship between health





There   are   some   limitations   to   using  NRPs   for   an   urbanicity   scale   as  well.  We
currently only have cross­sectional data from 2013, so urbanization over time cannot












• Data on non­residential places can offer more specific   information on the





Children   and   Parents   Study.   APCAPS   is   a   prospective   cohort   study   established
through long­term follow­up of the Hyderabad Nutrition Trial (HNT: 1987­1990). A
detailed description of the HNT and three waves of APCAPS data collection has been












HNT   assessed   the   Integrated   Child   Development   Services   (ICDS)   scheme   in   a
controlled stepped wedge design  trial   in  1987­90.   ICDS  is  a  national  community
outreach program initiated in 1975 that provides food supplementation to pregnant
and   lactating  women  and   children  under   the   age  of   six   years   along  with   early
childhood education, health, hygiene and nutrition education for the mothers, and















Intervention villages ICDS start year Control villages ICDS start year
Ibrahimpatnam 1984 Rachaloor 2001
Sheriguda 1984 Lemur 2001
Patelguda 1984 Mankhal 2002
Mangalpalli 1984 Thummalur 2001
Uppariguda 1982 Maheshwaram 2001
Pocharam 1984 Mansanpalli 2002
Ramireddyguda 1985 Gudur 2002
Seetharampet 1984 Kandurkur 2001
Nomula 1984 Gummadivalli 2001
Lingampalli 1984 Thimmapur 2002
Engalguda 1984 Meerkhanpet 2001
Polkampalli 1984 Sardarnagar 2002
Nainampalli 1984 Aakulamylaram 2000
Raipole 1984 Nedunur 2001
Dandumylaram 1984
In ICDS, a  nutritional  supplement made of  corn­soya blend and soybean oil  was
made available  daily   to  all  pregnant  and  lactating  women and children under  6




old.  There were no supplemental  nutrients  added  to  upma.  The meal  was  to  be
collected daily by the mothers or their children from the anganwadi8 but they were
not   required  to  consume the supplement at   the  facility.  Anganwadi  workers  also
























1165   adolescents   (78%   response)   underwent   an   interviewer­administered
questionnaire and clinical examination (intervention group, n = 654; control group,




easily   linked   to  W1   data.   Linkable   birth   weight   data   were   available   only   for
603(40%) of   the 1492  index children.  Of note,  unlinked birth weight  data (n =





2581  index  children  who were   still   alive  at  W2,   irrespective  of  historical   record






















Research   Paper   2   (Chapter   4)   and  W2/3   data   on   index   children  were   used   in
Research Paper 4 (Chapter 6). 
3.2.2 Measurements















water,  ownership of  clock,   radio,   television,  bicycle,  motorcycle,  car,   refrigerator,
telephone,  and agricultural   land.  These  items were weighted to give a maximum










Main fuel for cooking Electricity,   liquid petroleum gas,  or  biogas = 2;  Coal,
charcoal or kerosene = 1; Other fuel = 0















Bicycle,  electric   fan,   radio/transistor,   sewing  machine,
black and white television, water pump, bullock cart, or













































weight  0.07%; W3   height:  0.67%; weight  0.09%).  Body  mass   index   (BMI)  was
calculated as weight (kg) / height (m2). Cutoff points of BMI   17.0 and   18.5≤ ≤
were used for underweight in adolescence and adulthood respectively [214,215]. 
Serum Vitamin D (W2)
Assays   were   conducted   on   fasting   venous   samples   at   the   National   Institute   of
Nutrition.   Serum  25(OH)D3  and   25(OH)D2  were   extracted   in   quantitative   high­
performance   liquid   chromatography   assays   and   detected   at   265   nm   using   an
ultraviolet detector (%CV: 7%). Of note, even though blood samples from W3 have






Bone mass  measurements  were  assessed using DXA machines  (W2:  91% Hologic
Discovery A model; 9% Hologic 4500W). Whole body scan was performed with the
participant supine on the scanning bed with their arms resting by their sides. Women
suspected   of   pregnancy   were   excluded   from   DXA   scanning.   Standard   Hologic
software options were used to define regions of the body (head, arms, trunk, and



























team at   the  National   Institute  of  Nutrition   in  Hyderabad and  re­assessed  by   the
artifact coders. All the lumbar spine images from W3 for older siblings, mothers, and
fathers were too blurry for artifact coding, requiring raw images to be examined. The
















Domain Parameters Measures W1 W2 W3






villages (intervention vs control) 1165 1446 1358 
Socio­demographics Birth details birth dates 1165 1446  1358 
birth weight (24 hours) 162 161  111
birth weight (7 days) 493 317  291 
birth weight (1 year) 574 367  345 
Socioeconomic status education 1110 1445 1357
occupation 1105 1445 1357
household asset­based scores 1109 1435 1352
Anthropometry Body size height 1113 1445 1356
weight 1115 1446 1356
Body composition DXA fat mass NA 1401 635
DXA lean mass NA 1401 635
Lifestyle Alcohol consumption pattern 1093 1444 1357








Reproductive health Reproductive history number of pregnancies (girls) NA 135 286
number of live birth (girls) NA 135 285
number of live children (girls) 505  NA 403
Puberty age at menarch (girls) 471 172 202
testicular volume (boys) 588 485 202
Period menstrual status NA 465 519
Biomarker Nutrients serum vitamin D NA 1041 NA
serum calcium NA 1404 1309
Outcome
Skeletal health Bone mass DXA hip bone mass† NA 1386 633
DXA lumbar spine bone mass† NA 1387 633








Control,   and   London   School   of   Hygiene   and   Tropical  Medicine   (London,   UK).
Approval was also sought from the village heads and their panchayats in each of the
29   villages.  Written   informed   consent   or  witnessed   thumbprint   if   illiterate  was
obtained from the participants prior to their inclusion in the study. 
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the  overall  context  of   the population  in   the study community.  The analyses  also
include assessment of the association between hip bone mineral density and fat and
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Background:   Fat  mass   is   variably   associated  with   bone  mass,   possibly   due   to




Design:  The Andhra Pradesh Children and Parents  Study  is  a prospective cohort
study   in   Hyderabad,     India.   In   2009­2012,   the   study   collected   data   on




mass   as   compared   to  males.   In  models   adjusted   for   lean  mass,   there   was   an






Conclusions:  In   this   relatively   lean population,   lean mass  was  more consistently
associated with hip BMD than fat mass. Weight gain through lean mass improvement








Fat  mass   is   one   of   the  main   components   of   body  mass.   On   one   hand,   sheer
mechanical loading of fat mass stimulates bone formation [5,6]. However,  in vivo
and  in vitro  studies  have suggested negative effects  of   fat  on bone mass  accrual






and  fat  mass   [11–14].  Many   studies  examined  this  association   in   the  context  of
obesity   and   osteoporosis   partially   because   of   concerns   for   higher   fracture   rates


















Control,   and   London   School   of   Hygiene   and   Tropical  Medicine   (London,   UK).
Approval was also sought from the village heads and their panchayats in each of the




2010­2012) of   the APCAPS study,  a prospective cohort study established through
long­term follow up of the participants of the Hyderabad Nutrition Trial (HNT: 1987­





data   collection   in  APCAPS   (i.e.   the   first   follow­up  of   the  HNT,   2003­2005)  has
previously been published [17,18].
Since the second and third waves of data collection (W2/3) were conducted within a
relatively short period of  time (2009­2012),  the analyses  in this  manuscript used
combined data from these two waves of data collection. W2/3 examined markers for
chronic  diseases  affecting  cardiovascular,  musculoskeletal,   and  mental  health.  All






















































level   clusters   (Table   3  and  Supplemental  Material   Table  S1).  Three­level   nested
multilevel   models   to   adjust   for   both   village   and   household­level   clusters   were
considered but the small intraclass correlations for the village level suggested that
adjustment   for   the   household­level   clustering   was   sufficient.   All   models   were
stratified   by   sex.   There   was   evidence   of   an   interaction   between   fat  mass   and
menopausal   status;   therefore,   regression   models   for   females   were   stratified   by





























n mean(sd) n mean(sd) n mean (sd)
age (year) 1271 29.7(10.1) 643 46.9(7.3) 2320 33.1(15.2) 
height (cm) 1270 152(5.7) 642 150.2(5.7)  2319  164.9(6.7) 
weight (kg) 1270 47.9(9.8)  643 48.9(9.8)  2320  55.4(10.3) 
BMI (kg/m2) 1270 20.6(3.9)  642 21.6(3.9)  2319 20.3(3.4) 
Fat mass (kg) 1267 14.9(5.6)  643 16.1(5.7)  2314  10.2(4.9) 
Lean mass (kg) 1267 31.8(4.9)  643 31.9(4.7)  2314  43.5(6.4) 
FLR 1203 6.19(1.49)  560 6.66(1.56)  2255  1.9(0.73) 
wbPA (hours) 1271 93.2(122.3)  643 153(145)  2320  143.2(119.3) 
vegetarian (n) 1270 643 2318
yes 56  12  43 
no 1214 631  2275 
tobacco use (n) 1270 643 2319 
current 70  178  767 
never/former 1200  465  1552 
SLI 1268 17.7(4.9)  643 16.6(4.7)  2313  18.2(4.6) 
occupation (n) 1271 643 2319




employed: 20 0 47 
100
professional










age n  BMD (g/cm2)  osteopenia (%)  osteoporosis (%)  n  BMD (g/cm2)  osteopenia (%)  osteoporosis (%) 
20­29  665  0.84(0.1)  28.4  0.9  1163  0.95(0.11)  14.6  0.3 
30­39  204  0.86(0.1)  24.5  0.5  108  0.93(0.11)  25  0 
40­49  647  0.84(0.11)  30.9  1.1  253  0.92(0.12)  29.2  1.6 























β p  β p 
95% CI  95% CI 
Pre­menopausal  Fat mass (kg)  0.1  <0.001  0.025  0.01 
female  (0.085 to 0.116)  (0.006 to 0.045) 
Lean mass (kg)  0.011  <0.001  0.009  <0.001 
(0.009 to 0.012)  (0.008 to 0.011) 
Post­menopausal  Fat mass (kg)  0.13  <0.001  0.045  0.008 
female  (0.108 to 0.153)  (0.014 to 0.076) 
Lean mass (kg)  0.012  <0.001  0.01  <0.001 
(0.011 to 0.014)  (0.007 to 0.012) 
Male  Fat mass (kg)  0.082  <0.001  0.001  0.92 
(0.072 to 0.093)  (­0.012 to 0.014) 






























Fat  may   have   opposing   effects   on   bone  mass   accrual   through  mechanical   and
biological  mechanisms. Positive association between mechanical  loading and bone
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All models are multilevel models adjusting for household level clustering.   ij and   j are errors terms for multilevel regression models ε υ
accounting for individual and household level differences. 
Model 3: HIP BMD ~   0 +   1 FLR +   2 AGE +   3 HEIGHT +   ij +   j β β β β ε υ
















This   chapter  describes   lifecourse  analysis   of   the   effects  of   exposure   to   early   life
protein­energy supplementation on total  hip,   lumbar spine,  and whole­body bone
mineral density in young adulthood. The chapter takes a publication style with a brief
introduction followed by the methodological information specific to this chapter and
the findings  on the combined effect  of  early  life nutritional supplementation and
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Life-course determinants of bone mass in young adults from
a transitional rural community in India: the Andhra Pradesh Children
and Parents Study (APCAPS)1–3
Mika Matsuzaki, Hannah Kuper, Bharati Kulkarni, KV Radhakrishna, Heli Viljakainen, Amy E Taylor, Ruth Sullivan,
Liza Bowen, Jon H Tobias, George B Ploubidis, Jonathan C Wells, Dorairaj Prabhakaran, George Davey Smith,
Shah Ebrahim, Yoav Ben-Shlomo, and Sanjay Kinra
ABSTRACT
Background: Undernutrition and physical inactivity are both asso-
ciated with lower bone mass.
Objective: This study aimed to investigate the combined effects of
early-life undernutrition and urbanized lifestyles in later life on
bone mass accrual in young adults from a rural community in India
that is undergoing rapid socioeconomic development.
Design: This was a prospective cohort study of participants of the
Hyderabad Nutrition Trial (1987–1990), which offered balanced
protein-calorie supplementation to pregnant women and preschool
children younger than 6 y in the intervention villages. The 2009–
2010 follow-up study collected data on current anthropometric mea-
sures, bone mineral density (BMD) measured by dual-energy X-ray
absorptiometry, blood samples, diet, physical activity, and living
standards of the trial participants (n = 1446, aged 18–23 y).
Results: Participants were generally lean and had low BMD [mean
hip BMD: 0.83 (women), 0.95 (men) g/cm2; lumbar spine: 0.86
(women), 0.93 (men) g/cm2]. In models adjusted for current risk
factors, no strong evidence of a positive association was found
between BMD and early-life supplementation. On the other hand,
current lean mass and weight-bearing physical activity were posi-
tively associated with BMD. No strong evidence of an association
was found between BMD and current serum 25-hydroxyvitamin D
or dietary intake of calcium, protein, or calories.
Conclusions: Current lean mass and weight-bearing physical activity
were more important determinants of bone mass than was early-life
undernutrition in this population. In transitional rural communities
from low-income countries, promotion of physical activity may
help to mitigate any potential adverse effects of early nutritional
disadvantage. Am J Clin Nutr doi: 10.3945/ajcn.113.068791.
INTRODUCTION
Urbanization has been linked to the rise of many non-
communicable diseases (NCDs)4, including osteoporosis (1). A
conservative estimate has suggested that w25 million Indian
adults will have osteoporosis by 2015 (2). In rural India, rapid
socioeconomic development is resulting in drastic changes in diet
and activity patterns, which are key determinants of bone mass in
young adults. Whereas the exact mechanisms underlying the as-
sociation between urbanization and bone health are unclear,
several potential risk factors have been identified, including
a lower physical activity level, serum 25-hydroxyvitamin D
[25(OH)D] concentration, and fruit and vegetable intake (3, 4).
The possibility of a developmental origin of osteoporosis has
been suggested (5). A meta-analysis of observational studies found
a weak positive association between adult bone mass and birth
weight—a proxy measure for early-life nutrition (6). However,
birth weight may be influenced by factors other than maternal
nutrition, and direct evidence from nutritional trials is lacking (7).
There are many potential risk factors for bone mass accrual in
adults. Previous studies have generally shown a positive asso-
ciation between bone mass accrual and weight-bearing physical
activity (wbPA), whereas evidence on the effects of nutrition on
bone mass is inconsistent (8–12). BMI, and also its main com-
ponents of fat mass and lean mass, have been independently
associated with bone mass accrual (13). Low serum 25(OH)D
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concentration and dietary intake of calcium, protein, and calories
may contribute to poor bone health and osteoporosis (2, 14–18).
How these adult risk factors play a role in bone mass accrual
in young adults who have been experiencing significant nu-
tritional and lifestyle transitions since their childhood is not
well understood.
The Andhra Pradesh Children and Parents Study was estab-
lished to understand societal and individual risk factors for NCDs
in a transitional rural community. The study population expe-
rienced early-life undernutrition; two decades later, other life-
style risk factors associated with rapid economic development are
emerging (19, 20). This transition provided an opportunity to
examine bone development in young adults whose bone mass
may be influenced by both previous undernutrition and current
urbanized lifestyles (21). In this manuscript, we present the
analyses of life-course determinants of bonemass of young adults
in this transitional rural community.
SUBJECTS AND METHODS
Study design
The analyses in this study used data from the second follow-up
of the Andhra Pradesh Children and Parents Study, established
through long-term follow up of the Hyderabad Nutrition Trial.
The Hyderabad Nutrition Trial evaluated the Integrated Child
Development Services scheme—a national community outreach
program providing food supplementation along with health,
hygiene, and nutrition education, immunization, anemia control,
and basic health care to pregnant and lactating women and
children younger than 6 y (22, 23).
The study received approvals from the ethics committees of the
National Institute of Nutrition (Hyderabad, India), the Indian
Council ofMedical Research, and London School of Hygiene and
Tropical Medicine (London, United Kingdom). Approval was
also sought from the village heads and their committees in each of
the 29 villages. The participants provided written informed
consent, or a witnessed thumbprint if illiterate, before their in-
clusion in the study.
Initial trial (1987–1990) and first follow-up study
(2003–20005)
A detailed description of the initial trial and the first follow-up
study of the Hyderabad Nutrition Trial was previously published
(24). Briefly, a controlled “stepped wedge design” trial was
conducted in 1987–1990, using the opportunity afforded by the
incremental expansion of Integrated Child Development Ser-
vices program. A total of 29 villages in 2 adjacent administrative
areas near Hyderabad City in India were selected: one with
the Integrated Child Development Services program already
in place (15 intervention villages) and the other awaiting
implementation (14 control villages) (Figure 1). In the intervention
villages, a nutritional supplement made of corn-soya blend and
soybean oil was available daily to all pregnant and lactating
women and children younger than 6 y. The meal (upma) con-
tained, on average, 2.09 MJ and 20–25 g protein for pregnant
and lactating women and w1.25 MJ and 8–10 g protein for
children younger than 6 y. Supplementation was associated
with a small but statistically robust (61 g; 95% CI: 18, 104 g;
P = 0.007) increase in the birth weight of the offspring (24).
The first follow-up study in 2003–2005 examined 1165 adoles-
cents aged 13–18 y who were still resident in these villages. The
adolescents in the intervention villages were 14 mm (95% CI: 4,
23 mm; P = 0.007) taller and had more favorable measures
of insulin resistance and arterial stiffness, as evidenced by
a 20% (95% CI: 3%, 39%; P = 0.02) lower HOMA score and
3.3% (95% CI: 1%, 5.7%; P = 0.008) lower augmentation index.
Second follow-up study (2009–2010)
The second follow-up study examined markers for chronic
diseases affecting cardiovascular, musculoskeletal, and mental
health in the cohort of young adults who took part in the initial
trial. All consenting participants underwent clinical examinations
at the National Institute of Nutrition, Hyderabad.
Measurements
Questionnaire data
A semistructured questionnaire was administered to all partic-
ipants by a trained interviewer. A subset of questions (14/29) from
the Standard of Living Index (SLI), a summary measure of
household level asset-based scale devised for Indian surveys, was
used to estimate socioeconomic position as joint family structures
are common in rural India (22). We collected information on the
quality of house, toilet facilities, source of lighting and drinking
water, ownership of clock, radio, television, bicycle, motorcycle,
car, refrigerator, telephone, and agricultural land. These items were
weighted to give a maximum score of 34 by using weights de-
veloped by the International Institute of Population Science in India
(22). Education was classified in 4 levels: no formal education,
primary (1–4 y), secondary (5–12 y), and beyond secondary.
The food and physical activity questionnaires were developed
and evaluated previously in this setting, and their performance
was found to be satisfactory (25, 26). Dietary intake over the past
year was estimated with a semiquantitative food-frequency
questionnaire that collected information on the frequency of
intake (daily, weekly, monthly, or yearly/never) of 98 commonly
consumed food items. The nutrient content of a single portion of
each food item on the list was estimated based on the Indian food-
composition tables (27). Physical activity in the previous week
was assessed across the following domains: work, travel, leisure
(sports, games, exercise), household, and sedentary. For each
activity, the average amount of time spent on the activity and the
frequency of the activity were documented; wbPAwas defined as
activities involving standing, walking, running, and extraneous
weights. The average hours per day doing wbPA at work, during
commute, and for leisure were calculated from the weekly fre-
quency and duration per day.
Anthropometric data
Weight was measured to the nearest 0.1 kg with a digital SECA
balance, and standing height was measured to the nearest 1 mmwith
a plastic stadiometer (Leicester height measure; Chasmors Ltd).
Measurements were taken twice, and the average of 2 values was
used in the analysis. BMI was calculated as weight (kg)/height (m)2.
Serum 25(OH)D
Assays were conducted on fasting venous samples at the
National Institute of Nutrition. Serum 25-hydroxyvitamin D2 and
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25-hydroxyvitamin D3 were extracted in quantitative HPLC assays
and detected at 265 nm by using an ultraviolet detector (CV: 7%).
Dual-energy X-ray absorptiometry
Bone mass, lean mass, and fat mass measurements were assessed
with dual-energy X-ray absorptiometry (DXA): 91% of scans were
performed with a Hologic Discovery A model and 9% with
a Hologic 4500W. The same software version was used on both
machines. On the basis of repeatedmeasurements for 30 participants
with Hologic Discovery A, the CVs were determined to be 0.7% for
hip bone mineral density (BMD), 1.3% for LS BMD, and 0.9% for
whole-body BMD. The whole-body scan was performed while the
participant lay supine on the scanning bed with their arms resting by
their sides. Women suspected of pregnancy (n = 26) were excluded
from DXA scanning. Standard Hologic software options were used
to define regions of the body (head, arms, trunk, and legs). Scans
were coded for artifacts by a visual inspection, and those with
major movement and incomplete scans were excluded. For LS
scans, pathological changes such as osteoarthritis affecting $2
vertebrae were excluded; if only one vertebra was affected, the scan
was reanalyzed after the affected part was excluded (28). BMD
(g/cm2) was calculated for total hip, LS (L1–L4). Whole-body
BMD was included for analyses in men only, because most women
wore bangles and other jewelry, which were counted as major ar-
tifacts. Whole-body lean mass (kg) and fat mass (kg) were used for
the analyses.
Quality control
We produced detailed protocols and regularly checked com-
pliance to standardize the work of the fieldwork team. The an-
thropometric equipment was calibrated at the start of every clinic.
The BMD estimation process was automated in software, which
reduces the potential for bias arising from the DXA technician,
who knew the intervention group assignment. Hip and LS DXA
scans were analyzed by a single trained technician. For quality
assurance of DXA scans, a spine phantom was scanned every day
to check for acceptable ranges.
Statistical analysis
Descriptive statistics were calculated for each sex. The as-
sociations of hip and LS BMD with early-life supplementation
and current risk factors were modeled in multilevel regression
models that accounted for sibling pairs and village clusters (284
sibling pairs from 29 villages). All multilevel models also ad-
justed for DXA scanner types. Variables with positively skewed
FIGURE 1. Flowchart of participant recruitment at follow-up in the Andhra Pradesh Children and Parents Study. *Includes people who migrated out of
villages: intervention (n = 326), control (n = 366). HNT, Hyderabad Nutrition Trial.
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distributions were logarithmically transformed. The analysis was
done on an intent-to-treat basis by using the area of birth as proxy
for intervention and control villages. List-wise deletion was used
to handle the missing data.
Current risk factors included in the multilevel regression
models were age, sex, height, fat mass, lean mass, household SLI,
serum 25(OH)D, wbPA, and dietary intake of fruit and vegeta-
bles, calcium, protein, and total calories. Three models were fitted
for each of the 2 outcome variables (hip and LS BMD) to in-
crementally adjust for various risk factors: model 1 (age and sex),
model 2 (age, sex, anthropometric, and socioeconomic factors,
eg, height, fat mass, lean mass, and SLI), and model 3: age, sex,
anthropometric and socioeconomic factors, serum 25(OH)D,
dietary factors (fruit and vegetable, calcium, protein, and energy
intakes), and wbPA.
Interaction terms for sex and supplementation and for sex
and wbPA were examined, and a robust interaction term be-
tween sex and supplementation was found for hip BMD (P =
0.03 for hip, 0.61 for LS). Sex-stratified multilevel regression
analysis was performed for all models. The intraclass corre-
lation analysis for model 3 showed that between-village var-
iability in the outcome was quite small compared with
between-sibling variability (data not shown). All analyses
were conducted by using R, version 2.15.2, and multilevel
modeling was done with nlme version 3.1–105.
RESULTS
Of the original Hyderabad Nutrition Trial cohort, all 2601
participants born between 1987 and 1990 were invited to the
clinic, 1446 (56%) of whom accepted the invitation and attended.
The participants in the study were more likely to be men than
were the eligible nonparticipants (see Supplemental Table 1
under “Supplemental data” in the online issue), partially at-
tributable to the emigration of women because of marriage.
DXA scans without major artifacts were available in 1351 (93%)
participants for hip and 1360 (94%) for LS. Serum 25(OH)D
data were available for 1037 (71%) participants. Information on
the other variables including SLI, dietary intake estimates, and
physical activity were available for $98% of the participants.
The key characteristics of the participants are shown inTable 1.
These young adults were generally lean (BMI: 19.5). The me-
dian total energy intake was 2735 kcal/d. Although Indian
standards were unavailable and caution should be exercised in
applying standards across populations, 57% of the participants
had low serum 25(OH)D concentrations (,20 ng/mL) (29) and
70% of the participants had a low fruit and vegetable intake
(,400 g/d) (30) according to international standards. Women
were more likely to be unemployed than were men, with most
engaging in household work (n = 166), whereas men were more
likely to be students or skilled manual laborers. Women spent
fewer hours on wbPA at work, during commuting, or for leisure.
TABLE 1
Participant characteristics of the Andhra Pradesh Children and Parents Study cohort in 2009–20101
Women Men
Total subjects [n (%)] 465 (32.2) 981 (67.8)
Age (y) 20.44 6 1.22 20.2 6 1.2
Height (cm) 152.64 6 5.3 166.67 6 6.2
Weight (kg) 44.61 6 7.5 54.81 6 8.7
BMI (kg/m2) 19.12 6 2.9 19.71 6 2.8
Lean mass (kg) 29.93 6 3.9 43.42 6 5.5
Fat mass (kg) 12.2 (11.8, 12.6)3 9.1 (8.9, 9.3)
SLI 17.62 6 4.5 18.65 6 4.2
Education [n (%)]
No/primary only 131 (28.2) 171 (17.5)
Secondary 305 (65.6) 751 (76.6)
Beyond secondary 29 (6.2) 58 (5.9)
Occupation [n (%)]
Unemployed 170 (36.6) 28 (2.8)
Student 143 (30.8) 399 (40.3)
Manual work 90 (19.4) 188 (19)
Skilled manual work 48 (10.3) 303 (30.6)
Professional 14 (3) 72 (7.3)
Serum vitamin D (ng/mL) 18.52 (17.8, 19.3) 23.12 (22.3, 24)
Dietary intake
Calcium (mg/d) 423.8 (405, 443.5) 618.7 (600.3, 637.6)
Protein (g/d) 47.5 (46.1, 49) 75.2 (73.5, 76.9)
Energy (kcal/d) 1987.4 (1930.9, 2045.6) 3107.9 (3042.8, 3174.5)
Fruit and vegetables (g/d) 210 (200, 220.5) 341.1 (329, 353.8)
Dairy products (g/d) 118.8 (106.6, 132.4) 159.1 (149.4, 169.5)
Lifestyle
Tobacco use [n (%)] 0 (0) 188 (19.2)
Alcohol use [n (%)] 8 (1.7) 217 (22.1)
wbPA (h) 0.71 (0.63, 0.79) 1.9 (1.8, 2)
1 SLI, Standard of Living Index; vitamin D, serum 25-hydroxyvitamin D; wbPA, weight-bearing physical activity.
2Mean 6 SD (all such values).
3Geometric mean; geometric 95% CI in parentheses (all such values; for variables with a skewed distribution).
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Tobacco and alcohol use were rare among women, whereas
approximately one-fifth of male participants reported current
tobacco or alcohol use.
Hip and LS BMD values in this population were generally low
when compared with the reference values for the Indian population
(31) (Table 2). In multivariable models adjusted for current risk
factors, early-life supplementation was not positively associated
with BMD (Table 2). For men, the negative association between
early-life supplementation and BMD remained robust in the fully
adjusted model for hip BMD, whereas this association was at-
tenuated when the serum 25(OH)D concentration was added to
the model for LS BMD. Of the current risk factors assessed in
model 3, height and lean mass were positively associated with
hip, LS, and whole-body BMDs (Table 3, Table 4, and Table 5).
Fat mass was positively associated with LS BMD in women and
whole-body BMD in men. The positive associations between hip
BMD and wbPA remained robust when fat mass was added to the
models but became attenuated with the addition of lean mass (see
Supplemental Table 2 under “Supplemental data” in the online
issue). The serum 25(OH)D concentration was not strongly as-
sociated with BMD in the multivariable models. The positive
associations of dietary intake of calcium, protein, and total cal-
ories with BMD were attenuated in the fully adjusted models,
except for calcium and hip BMD in women.
DISCUSSION
Young adults from this transitional rural community were
generally lean, and their BMD was low. No strong evidence of an
association was found between BMD and early-life supplemen-
tation. Current height, BMI, and wbPAwere associated with bone
mass, whereas no clear evidence of an association with bone mass
was found for other current risk factors, including social position
and dietary intakes of calcium, protein, and calories. Strong evi-
dence of an association was found between BMD and lean mass.
Comparison with previous research
The Guatemala trial randomized 4 villages within pairs to offer
either low-energy (1.38 MJ) or high-energy (3.76 MJ, proteins,
and micronutrients) supplements to pregnant women and children
until the age of 7 y (7). Follow-up in adolescence (mean age: 16.7
y) showed a positive association between bone mass and protein-
calorie supplementation, but this association was not statistically
robust when the models were adjusted for current weight and
stature. In an urban cohort of participants from India (the New
Delhi Birth Cohort study), bone mass at age 33–39 y was pos-
itively associated with birth weight (proxy measure for early-life
undernutrition), but this association was also attenuated to null
on adjustment for current anthropometric and lifestyle risk
factors (32). In our study, no strong evidence of a positive as-
sociation was found between bone mass and early-life nutri-
tional supplementation; if anything, there was weak evidence of
an inverse association between the two. Higher osteoporotic
fracture rates are observed in urban areas in high-income
countries, which may be partially because of the more sedentary
lifestyles among city dwellers (3). Anecdotal evidence suggests
that urbanization of the study area over the past decade may
TABLE 2
Multilevel models examining the association between supplemental nutrition and BMD in the Andhra Pradesh Children and Parents Study cohort in
2009–20101
BMD2 Early-life supplementation effect3,4
Intervention Control Model 1 Model 2 Model 3
g/cm2 g/cm2
Hip
Women 0.83 6 0.09 0.84 6 0.1 20.005 (20.025, 0.015) 0.003 (20.014, 0.021) 0.004 (20.015, 0.022)
P 0.62 0.7 0.7
Men 0.93 6 0.11 0.96 6 0.12 20.03 (20.046, 20.015) 20.02 (20.033, 0.006) 20.02 (20.041, 20.007)
P ,0.001 0.006 0.009
LS
Women 0.86 6 0.1 0.86 6 0.1 20.003 (20.025, 0.018) 20.002 (20.021, 0.017) 20.005 (20.025, 0.016)
P 0.76 0.85 0.65
Men 0.92 6 0.1 0.94 6 0.11 20.02 (20.037, 20.003) 20.01 (20.032, 0.004) 20.005 (20.03, 0.02)
P 0.02 0.12 0.68
WB
Men 1.06 6 0.08 1.07 6 0.08 20.02 (20.029, 20.002) 20.007 (20.021, 0.006) 20.012 (20.034, 0.009)
P 0.03 0.27 0.25
1 Sample sizes: women (hip BMD intervention, n = 413; control, n = 196; LS BMD intervention, n = 412; control, n = 412) and men (hip BMD
intervention, n = 480; control, n = 466; LS BMD intervention, n = 486; control, n = 471; WB BMD intervention, n = 458; control, n = 444). BMD, bone
mineral density; LS, lumbar spine; SLI, Standard of Living Index (tertiles: low, 0–17; middle, 17–20; high, 21–32); WB, whole body.
2Values are means 6 SDs.
3Values are b coefficients; 95% CIs in parentheses.
4Model 1: hip BMD (n = 368 women, n = 838 men); LS (n = 366 women, n = 850 men); and WB (n = 808 men). Model 2: hip BMD (n = 366 women, n =
833 men); LS (n = 364 women, n = 845 men); and WB (n = 804 men). Model 3: hip BMD (n = 329 women, n = 535 men); LS (n = 326 women, n = 538 men);
and WB (n = 515 men). Models 1–3 are multilevel regression models accounting for villages and sibling effects and adjusted for types of dual-energy X-ray
absorptiometry machines in addition to the following variables: model 1 [adjusted for age in (y)], model 2 [adjusted for age, height (cm), lean mass (kg), fat
mass (kg), and SLI (tertiles)], and model 3 [adjusted for age, height, lean mass, fat mass, SLI, serum 25-hydroxyvitamin D (ng/mL), calcium intake (mg/d),
protein intake (g/d), energy intake (kcal/d), and weight-bearing physical activity (h/d)].
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have proceeded more rapidly in the intervention villages than in the
control villages. In the first follow-up study in 2003–2005, we
observed taller statures in children from the intervention villages,
raising the possibility of a positive effect of early-life supplemen-
tation on skeletal growth during early adolescence. Any positive
effects of early-life supplementation during early adolescence may
have been negated as a result of changes in lifestyles during late
adolescence and young adulthood in more urbanized villages.
Higher rates of physical activity may be associated with more rural
lifestyles (eg, agricultural occupations) in the control villages,
which may partially explain the inverse association between early-
life supplementation and BMD; however, our study did not have
appropriate measures to examine this possibility definitively. In-
clusion of population size as a marker of urbanization did not
materially change our results.
Current wbPA and height and lean mass were strong de-
terminants of bone mass in this study, consistent with the
findings of previous studies that examined bone mass in in-
dividuals in the growth phase (11, 32–35). Fat and lean mass, 2
main components of body mass, have been suggested, al-
though not consistently, as independent determinants of BMD
(13, 36, 37). Our analyses of relative contributions of fat and
lean mass to BMD showed clear evidence of a positive as-
sociation between BMD and lean mass, but not fat mass. A
similar analysis from Thailand suggested that uniformly low
body fat, a common characteristic observed in rural areas of
low- and middle-income countries, may obscure the associ-
ation between BMD and fat mass because of a lack of suffi-
cient variability (ie, low study power) (13). The addition of
lean mass to the models attenuated the association between
BMD and wbPA, which suggests that this association may be
partially mediated through lean mass accumulation. On the
other hand, lean mass as a surrogate for physical activity may
be measured with relatively less error as compared with physical
activity assessed by questionnaire, which further supports the role
of physical activity in bone mass accrual. Our finding on physical
activity is particularly important for this transitional rural com-
munity because physical inactivity has been suggested to partially
explain the association between lower bone mass and urbaniza-
tion (1, 4, 38, 39).
The magnitudes of the effects of dietary calcium intake have
varied in previous studies (40–42), and it is possible that calcium
intake may only be positively associated with bone mass in in-
dividuals with very low vitamin D concentrations (12). In this
study population, no evidence of an association was found
between BMD and dietary calcium, even though the serum
25(OH)D concentration was fairly low (43, 44). Studies have
shown a positive association between bone mass and protein
intake, although a high protein intake has been suggested to be
both detrimental and protective for bones (17, 45). The extremely
low energy intake of adolescents may be associated with low
BMD, but the effect of a high calorie intake in healthy young
adults is unclear (46, 47). Our results showed no evidence of an
association between BMD and protein or energy intake. Fruit and
vegetable (Tables 3, 4, and 5) and dairy product (data not shown)
intakes have also been suggested as potential determinants of
bone mass, but no associations were observed in this study (4, 48).
Strengths and limitations
The main strength of this study was the combined assessment
of effects of both early-life and current risk factors on BMD.
Compared with observational studies using birth weight as
a proxy measure for early-life nutrition, the initial supplemen-
tation trial with a controlled design in our study should have
reduced the chances of confounding by other factors and more
TABLE 5
Men: univariable and multivariable models examining current risk factors of whole-body BMD in the Andhra Pradesh Children and Parents Study cohort in
2009–20101
Whole-body BMD (n = 562)
Univariable Multivariable2
b coefficient (95% CI) P b coefficient (95% CI) P
Age (y) 0.011 (0.007, 0.016) ,0.001 0.007 (0.002, 0.012) 0.012
SLI low3 0.0003 (20.013, 0.013) 0.97 0.011 (20.005, 0.026) 0.17
SLI mid3 20.0008 (20.013, 0.013) 0.9 0.009 (20.005, 0.023) 0.22
Height (cm) 0.002 (0.001, 0.003) ,0.001 20.002 (20.003, 20.001) 0.001
Fat mass (kg) 0.026 (0.014, 0.039) ,0.001 20.043 (20.062, 20.024) ,0.001
Lean mass (kg) 0.006 (0.005, 0.007) ,0.001 0.008 (0.007, 0.01) ,0.001
Vitamin D (ng/mL) 0.024 (0.008, 0.039) 0.004 0.014 (0, 0.029) 0.057
Fruit and vegetables (g) 0.017 (0.008, 0.025) ,0.001 0.002 (20.012, 0.016) 0.76
Calcium (mg/d) 0.02 (0.01, 0.03) ,0.001 -0.0003 (0.023, 0.023) 0.98
Protein (g/d) 0.035 (0.022, 0.049) ,0.001 0.047 (20.032, 0.127) 0.24
Energy (kcal) 0.024 (0.013, 0.036) ,0.001 20.039 (20.112, 0.035) 0.3
wbPA (h) 0.022 (0.012, 0.033) ,0.001 0.013 (0.001, 0.025) 0.043
1All models were adjusted for types of dual-energy X-ray absorptiometry machine in multilevel regression models accounting for village clusters and
sibling pairs. Multivariable were models additionally adjusted for age, SLI, height, fat mass, lean mass, serum 25-hydroxyvitamin D, wbPA, and dietary intake
of fruit and vegetables, calcium, protein, and energy. Serum 25-hydroxyvitamin D, fruit and vegetable intake, calcium intake, protein intake, energy intake,
and wbPA were log transformed to account for skewed distributions. BMD, bone mineral density (g/cm2); SLI, Standard of Living Index; wbPA, weight-
bearing physical activity.
2Based on model 3.
3 SLI tertiles: low, 0–17; middle, 17–20; high, 21–32.
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directly assessed the effects of early-life nutrition on bone mass
accrual. The rapid but uneven socioeconomic development of the
area over the past decade has also introduced remarkable changes
in the current lifestyles of the study population, providing suf-
ficient variation in these exposures for their effects to be robustly
examined. The study population size was large compared with
other DXA bone studies in young adults from low- and middle-
income countries, which added further strength to the study.
The study also had some limitations. The DXA facility lo-
cation was not convenient or feasible to reach for some partic-
ipants, and the response rate of participants invited to clinic was
56% of the original study sample. The response rates were similar
between intervention and control villages, but the possibility of
selection bias could not be ruled out. Women were over-
represented among the nonparticipants as a result of migration
due to marriage. We did not have direct data on nutritional
supplementation; mothers in the intervention area were presumed
to have taken the supplement, which could also have been shared
with other family members. As a result, the dose of nutritional
supplement may have been too modest for persistent effects on
bone development. On the other hand, our results mimicked real-
life circumstances, which provided plausible estimates of the
long-term effects of nutritional supplementation programs. Al-
though we collected detailed information on types and amounts
of physical activity, we did not have information on the amounts
of loads that each type of physical activity applied to bones.
Finally, the cross-sectional assessment of bone mass did not
allow us to examine the causality between these exposures and
outcomes.
Implications
Bone remodeling is influenced by many factors throughout
life. In emerging-economy countries, many rural communities
are experiencing the effects of rapid economic development
superimposed on early disadvantages. Whereas improved
nutrition may be able to mitigate some of the effects of early-life
undernutrition, more urbanized lifestyles may also have negative
effects on bone mass accrual in the future. Physical activity may
be incorporated into daily lives relatively cheaply and easily and
is also important for the prevention of other NCDs, such as
cardiovascular diseases (49). Our findings provide yet another
reason for promoting physical activity in rural communities in
low- and middle-income countries that are undergoing rapid
urbanization.
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Mean(SD) age (years)† 20.7(1.1) 20.7 (1.1) 0.12 20.7 (1.1) 20.7 (1.1) 0.43
Women 236 (32) 423 (70) <0.001 223 (31.5) 399 (72.4) <0.001
Occupation‡ (n = 737) (n = 598) <0.001 (n = 695) (n = 532) <0.001
Full time  student 608 (82.5) 415 (69.4) 534 (76.8) 328 (60.3)
Full time employment 90 (12.2) 119 (19.9) 124 (17.8) 155 (28.5)
Other (neither, both) 39 (5.3) 64 (10.7) 37 (5.3) 49 (9)

















































































































BA  and  BMC   in   young   adults   from  the   intervention   and   control   villages   in   the




evidence  for  association and,   for  most  outcomes,   there was no clear evidence of






intervention control intervention control
Hip female 28.38 (2.39) 28.23 (2.78) 23.86 (3.7) 23.84 (3.89)
male 35.66 (3.49) 35.87 (3.34) 33.48 (5.17) 34.8 (5.59)
Lumbar spine female 48.61 (4.36) 48.75 (4.91) 42.22 (7.38) 42.51 (7.88)









Model 1 Model 2 Model 1 Model 2
β p β p β p β p
95% CI 95% CI 95% CI 95% CI
Hip female 0.17 0.46 0.4  0.03 0.04 0.91 0.57   0.04
(­0.3 to 0.65) (0.04 to 0.76) (­0.67 to 0.75) (0.04 to 1.11)
male ­0.32 0.27 0.00 0.99 ­1.43 0.00 ­0.81 0.01
(­0.9 to 0.26) (­0.43 to 0.43) (­2.36 to ­0.5) (­1.44 to ­0.18)
LS female ­0.05 0.91 0.00 0.99 ­0.19 0.79 0.08 0.89
(­0.91 to0.82) (­0.61 to 0.62) (­1.62 to 1.23) (­1.09 to 1.25)
male ­0.31 0.45 ­0.04  0.90 ­1.27 0.12 ­0.74 0.29
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Abstract
Summary The long-term effects on bone health of nutritional
status in adolescence are unclear. The impact of adolescent
and current body mass on bone mass in young adulthood in
rural India was assessed. Current lean mass was a more im-
portant determinant of bone mass than thinness during adoles-
cence in this population.
Purpose/introduction Adolescence is a crucial period for
skeletal growth. However, the long-term effects on bone
health of nutritional status in adolescence, particularly in the
context of nutritional transition, are unclear. The current man-
uscript assessed the impact of adolescent and current body
size on bone mass in young adulthood in an Indian rural com-
munity that is undergoing rapid socioeconomic changes.
Methods The Andhra Pradesh Children and Parents Study is a
prospective cohort study inHyderabad, India. In 2003–2005, the
study collected anthropometric and cardiovascular data on ado-
lescents (mean age=16 years old). The second and third waves
of the study in 2009–2012 collected data on current anthropo-
metric measures, areal bone mineral density (aBMD) in hip and
lumbar spine (L1–L4) measured by dual-energy X-ray absorp-
tiometry, and living standards of the trial participants who were
now young adults (mean age=22 years old).
Results The median body mass index (BMI) of the 722 par-
ticipants included in this analysis was 16.8 kg/m2 during ad-
olescence, while the median BMI as young adults was
19.3 kg/m2. Lower aBMD during adulthood was associated
with lower adolescent BMI (β (95 % confidence interval) for
hip aBMD 0.017 (0.013 to 0.022) and LS aBMD 0.012 (0.008
to 0.016)). This association was attenuated upon adjustment
for current fat and lean mass (β (95 % CI) for hip aBMD 0.00
(−0.005 to 0.005) and LS aBMD 0.005 (0.000 to 0.01)). There
was clear evidence for positive associations between aBMDs
and current lean mass.
Conclusions Current lean mass was a more important deter-
minant of bone mass than thinness during adolescence in this
population. Weight gain during late adolescence and young
adulthood coupled with improvement in lean mass may help
to mitigate any adverse effects that pre-adulthood undernutri-
tion may have on bone mass accrual.
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Introduction
Suboptimal peak bone mass is associated with higher risk of
osteoporotic fractures in later life [1, 2]. Studies from high
income countries have shown that 90 % of peak bone mass
is accrued before age 18 in healthy individuals [1, 3, 4]. Skel-
etal growth during adolescence is therefore an important de-
terminant of peak bone mass. Large body size, high level of
weight-bearing physical activity, and adequate micronutrient
intake are some of the key determinants of bone mass accrual
[1].
Undernutrition is commonly observed in low and middle
income countries (LMICs). In India, the prevalence of under-
nutrition remains high although it has been slowly declining
over the last 2 decades [5, 6]. As a result, some young adults
who experienced undernutrition during childhood and adoles-
cence have attained at least normal body mass index as adults
[7].
A number of studies have suggested positive associations
between adult bone mass and birthweight as well as weight
during infancy [8–10]. On the other hand, association between
peak bone mass and thinness during adolescence has not been
adequately studied in lean populations from LMICs. Some
studies from high income countries examined longitudinal
effects of anorexia nervosa during adolescence and showed
that successful recovery from anorexia nervosa may mitigate
some of the negative effects of low body weight during ado-
lescence [11, 12]. Since adolescence is a crucial period for
skeletal growth, it is important to understand whether under-
nutrition during adolescence has any long-term effects on
bone mass.
While studies have generally found a positive association
between body mass and bone mass, fat and lean mass may be
differently associated with bone mass [13–15]. Lean mass is
influenced by both diet and physical activity level. Weight-
bearing physical activity during adolescence is associatedwith
higher bone mass [4, 16]. It is therefore important to under-
stand how gains in overall weight, fat mass, and lean mass
may contribute to skeletal development in young adults who
experienced nutritional transition during adolescence.
The Andhra Pradesh Children and Parents Study
(APCAPS) is a prospective cohort study from southern India.
The study community has been experiencing nutritional tran-
sition due to urbanization over the past decade. The current
manuscript assessed whether being underweight during ado-
lescence is associated with lower peak bone mass in young
adults, some of whom have experienced improvements in
nutritional status since adolescence.
Methods
Study design
The analyses in this study used data from three waves of data
collection (2003–2005, 2009–2010, and 2010–2012) of the
APCAPS study, established through long-term follow up of
the Hyderabad Nutrition Trial (HNT). The HNT studied im-
pact of the Integrated Child Development Services (ICDS)
scheme, a national community outreach program providing
food supplementation along with health, hygiene, and nutri-
tion education, immunization, anemia control, and basic
health care to pregnant and lactating women and children
under the age of 6 years [17].
Initial trial (1987–90) and the first wave of data collection
(W1: 2003–5)
A detailed description of the initial trial (HNT) and the first
wave of data collection (the first follow-up of the HNT) have
previously been published [18]. Briefly, a controlled Bstepped
wedge design^ study was conducted in 1987–1990, using the
opportunity afforded by the incremental expansion of ICDS
program. A total of 29 villages in two adjacent administrative
areas near Hyderabad city in India were selected, one with
ICDS program already in place (15 intervention villages)
and the other awaiting implementation (14 control villages).
In the intervention villages, a nutritional supplement made of
corn-soya blend and soybean oil was available daily to all
pregnant and lactating women and children under 6 years.
The meal (upma) contained, on average, 2.09 MJ and 20–
25 g protein for pregnant and lactating women and about
1.25 MJ and 8–10 g protein for children under 6 years old.
The supplementation was associated with a small but statisti-
cally robust (61 g; 95 % CI 18 to 104 g; p=0.007) increase in
the birth weight of the offspring [18]. During the first wave of
data collection in 2003–2005, 1165 adolescents aged 13–
18 years who were still resident in these villages were
reexamined [18]. The adolescents in the intervention villages
were 14 mm (95 % CI 4 to 23 mm; p=0.007) taller and had
more favorable measures of insulin resistance and arterial
stiffness as shown by a 20 % (95 % CI 3 to 39 %; p=0.02)
lower homoeostasis model assessment score, which describes
levels of insulin resistance, and 3.3 % (95% CI 1 to 5.7 %; p=
0.008) lower augmentation index.
The second and third waves of data collection (W2/3:
2009–2012)
Since the second and third waves of data collection were con-
ducted within a relatively short period of time (2009–2012),
the analyses in this manuscript combined data from these two
waves of data collection (W2/3). W2/3 examined markers for
 29 Page 2 of 8 Arch Osteoporos  (2015) 10:29 
chronic diseases affecting cardiovascular, musculoskeletal,
and mental health. All consenting participants underwent
DXA measurements at the National Institute of Nutrition
(NIN), Hyderabad, and physical measurements at NIN (W2)
or the village clinics (W3). In cases where participants
attended both waves of data collection, the data from the third
wave were used, unless there were artifacts in DXA scans
from the W3, which prompted the use of data from W2.
The present analyses were restricted to participants from




A semi-structured questionnaire was administered to all par-
ticipants by a trained interviewer. A subset of questions (14/
29) from the Standard of Living Index (SLI) in the National
Health Family Survey-2, a summary measure of household
level asset-based scale devised for Indian surveys, was used
to estimate socioeconomic position, as joint family structures
are common in rural India [19]. We collected information on
the quality of house, toilet facilities, source of lighting and
drinking water, ownership of clock, radio, television, bicycle,
motorcycle, car, refrigerator, telephone, and agricultural land.
These items were weighted to give a maximum score of 34,
using weights developed by the International Institute of Pop-
ulation Science in India [19]. Education was classified in four
levels: no formal education, primary (1 to 4 standard), second-
ary (5 to 12 standard), and beyond secondary level education.
Current tobacco use was defined as smoking, chewing, or
snuffing tobacco in the last 6 months.
Puberty (W1)
Four puberty stages were set based on sexual maturation on
the basis of time since the onset of menstruation (girls) and
testicular volume (boys) [20]. The boys assessed testicular
volume in private, using Prader’s orchidometer with volumes
ranging from 1 to 25 ml. This self-assessment was validated
against measurements by clinicians in an external sub-study
[20].
Anthropometric data (W1/2/3)
Weight was measured to the nearest 0.1 kg with a digital
SECA balance, and standing height was measured to the
nearest 1 mmwith a plastic stadiometer (Leicester height mea-
sure). Measurements were taken twice, and the average of two
values was used in the analysis (coefficients of variation for
height 0.67 %; weight 0.09 %). Body mass index (BMI) was
calculated as weight (kg)/height (m2). Cutoff points of BMI
≤17.0 and ≤18.5 were used for underweight in adolescence
and adulthood respectively [21, 22].
DXA scanning (W2/3)
Bone mass measurements were assessed with DXA on a
Hologic Discovery A model. The whole body scan was per-
formed with the participant supine on the scanning bed with
their arms resting by their sides. On the basis of repeated
measurements for 30 participants with Hologic Discovery A,
the coefficients of variation were determined to be 0.7 % for
hip bone mineral density (BMD), 1.3 % for LS aBMD, and
0.9 % for whole-body aBMD. Women suspected of pregnan-
cy were excluded from DXA scanning, and the scans were
taken only after confirming the negative pregnancy by
conducting urine pregnancy test. Standard Hologic software
options were used to define regions of the body (head, arms,
trunk, and legs). Scans were coded for artifacts by a visual
inspection, and those with major movement as well as incom-
plete scans were excluded from the present analyses. For lum-
bar spine (LS) scans, pathological changes such as osteoar-
thritis affecting two or more vertebrae were excluded; if only
one vertebra was affected, the scan was reanalyzed after the
affected part was excluded [23]. Areal bone mineral density
(aBMD in g/cm2) was calculated from bone mineral content
(BMC in g) and bone area (BA in cm2) for total hip and
lumbar spine (L1–L4). Fat and lean mass indexes (FMI and
LMI) were based on fat and lean mass (kg) from whole-body
scans/height (m2).Major movements were counted as artifacts
and removed from analysis with fat and lean mass.
Statistical analysis
Descriptive statistics were calculated for each sex. The asso-
ciations of hip and lumbar spine BA, BMC, and aBMD with
adolescent body size were modeled in multilevel regression
models that accounted for village clusters (29 villages). FMI
was log-transformed because it had a positively skewed dis-
tribution. Complete-case analysis was used.
Four models were fitted for each of the two outcome var-
iables (hip and LS aBMD): Model 1 assessed each of the
explanatory variables (adolescent BMI, current (young adult-
hood) BMI, current FMI, current LMI), adjusting for sex, age
at W1, age at W2/3, height at W1 (cm), and height at W2/3
(cm). Model 2 examined the association between aBMD and
adolescent BMI, adjusting for current BMI, age at W1, age at
W2/3, sex, height at W1, and height at W2/3. In model 3,
current BMI in model 2 was replaced with current FMI and
LMI. Model 4 replaced current BMI in model 2 with condi-
tional BMI to examine the effect of change in BMI, by using
residuals from a regression model in which current BMI was
regressed on adolescent BMI. We also adjusted model 3 for
other potential confounders such as puberty stages at W1,
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adolescent height, current height, adolescent SLI, current SLI,
and current tobacco use. Interaction terms between sex and
adolescent BMI, current FMI, current LMI, and change in
BMI were examined in models 3 and 4. There was weak
evidence for an interaction with current FMI for LS aBMD,
where the effect of FMI was slightly higher in female (the
interaction term β: 0.08; p=0.04). Residuals from the multi-
level models were checked for normality (Shapiro-Wilk test)
and heteroscedasticity and found reasonably normally distrib-
uted and homoscedastic at each level.
All analyses were conducted using R, version 3.0.0, and
multilevel modeling was done with nlme version 3.1-109.
Quality control
We produced detailed protocols and regularly checked compli-
ance to standardize the work of the fieldwork team. The anthro-
pometric equipment was calibrated at the start of every clinic.
The aBMD estimation process was automated in software,
which reduces the potential for bias arising from the DXA tech-
nician. Hip and LSDXA scans were analyzed by a single trained
technician. For quality assurance of DXA scans, a spine phan-
tom was scanned every day to check for acceptable ranges.
Ethics statement
The study received approvals from the ethics committees of
the NIN (Hyderabad, India), the Indian Council of Medical
Research (ICMR), Centre for Chronic Disease Control, and
London School of Hygiene and Tropical Medicine (London,
UK). Approval was also sought from the village heads and
their panchayats in each of the 29 villages. Written informed
consent or witnessed thumbprint if illiterate was obtained
from the participants prior to their inclusion in the study.
Result
Of the 1165 participants of the first wave of data collection
(W1), 722 participants (62 %) had their height and weight
measured both as adolescents and as young adults and also
underwent DXA scans during the second and third waves of
data collection (W2/3). Of those, scans without major artifacts
were available in 710 (98 %) participants for hip aBMD and
715 (99 %) for lumbar spine aBMD. Eighty-seven percent of
the participants also had scans without major artifacts for
whole-body estimation of fat and lean mass. Information on
Table 1 Characteristics of the
subjects who participated in the
Andhra Pradesh Parents and
Children Study both in 2003–
2005 (W1) and in 2009–2012
(W2/3)
Women Men
nc W1 W2/3 nc W1 W2/3
Age (year) 220 15.8 (1) 22 (1.3) 502 15.9 (0.9) 21.8 (1.3)
Height (cm) 220 151.2 (5.9) 153.1 (5.6) 502 158.5 (8.7) 167 (6.2)
Weight (kg) 220 40.6 (6) 45.9 (8.2) 502 41.9 (7.5) 56.0 (9.4)
Body mass index (kg/m2) 220 17.7 (2.2) 19.6 (3.2) 502 16.6 (1.9) 20.1 (3)
Fat mass index (kg/m2) 216 n/a 5.8 (2) 499 n/a 3.4 (1.6)
Lean mass index (kg/m2) 216 n/a 13.1 (1.5) 499 n/a 15.9 (1.8)
SLI 217 12.9 (5) 18.1 (4.7) 499 10.6 (4.3) 18.7 (4.3)
Occupation (%) 220 502
Studentb 84.2 27.3 85.5 34.3
Employed 15.8 32.3 12 61.2
Neither 11.7 40.5 2.6 4.6
Tobacco use (n)a 215 500
Current 0 2 1 85
Former 0 0 0 3
Never 215 220 499 415
All values are mean (sd) unless otherwise noted
W1 the first wave of data collection (2003–2005), W2/3 the second and third waves of data collection (2009–
2012), SLI standard of living index, n/a not available
a Current tobacco use included smoking, chewing, or snuffing tobacco in the last 6 months; former users stopped
using tobacco products 6 months ago or more
b Student for W1 included one man who worked and studied at the same
cAll n were same for W1 and W2/3 except that SLI was available for 219 women in W2/3. Tobacco use
information was available for 222 women in W2/3
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the other variables including SLI and occupation was avail-
able for ≥99 % of the participants.
Table 1 summarizes the key characteristics of the par-
ticipants. Fifty-six percent of the participants were under-
weight (BMI<17) during adolescence. The participants
were still lean as young adults although the percentage
of underweight individuals (BMI≤ 18.5) decreased
to 38 %. A majority of the participants were students during
W1, but only a third of the participants were students during
W2/3. Women were more likely to be unemployed and en-
gaged in household work as young adults. Both hip and lum-
bar spine aBMD values were generally lower than the refer-
ence values for the Indian population (Table 2) [24]. Under-
weight adults (BMI≤18.5) showed lower aBMD than others
with normal BMI (data not shown).
Positive association between current aBMD and adolescent
BMI was attenuated upon adjustment for current BMI in hip,
but the association remained for lumbar spine (Tables 3 and
4). There was no strong evidence of interactions between the
change in BMI betweenW1 andW2/W3 and adolescent BMI
(data not shown). In model 3, current lean mass index was
strongly associated with current aBMD, whereas there was no
strong evidence for association between current aBMD and
adolescent BMI or current fat mass index. Model 4 showed
positive associations between current aBMDs and conditional
BMI. Adjustment for other potential confounders (puberty
stages at W1, adolescent height, current height, adolescent
SLI, current SLI, and current tobacco use) did not materially
change the results.
Table 2 Mean hip and lumbar spine bone mass of participants of the
Andhra Pradesh parents and children study in 2009–2012 (W2/3)
Total hip Women Men
n Mean (sd) n Mean (sd)
BA (cm2) 217 28.43 (2.59) 493 35.83 (3.44)
BMC (g) 217 23.92 (3.98) 493 34.25 (5.36)
BMD (g/cm2) 217 0.837 (0.096) 493 0.952 (0.115)
Lumbar spine
BA (cm2) 216 48.81 (4.89) 499 57.56 (5.63)
BMC (g) 216 42.76 (8.02) 499 54.68 (8.99)
BMD (g/cm2) 216 0.869 (0.104) 499 0.945 (0.105)
BA bone area, BMC bone mineral content, BMD bone mineral density
Table 3 Multivariable models examining associations between body mass index during adolescence (2003–2005) and current bone mineral density
(2009–2012) in hip in young adults of the Andhra Pradesh children and parents study (2003–2012)
Hip BMD
Model 1 Model 2 Model 3 Model 4
β β β β
(95 % CI) p (95 % CI) p (95 % CI) p (95 % CI) p
Adolescent BMI 0.017 <0.001 0.003 0.32 0.00 0.97 0.015 <0.001
(0.013 to 0.022) (−0.003 to 0.008) (−0.005 to 0.005) (0.011 to 0.019)
Current BMI 0.015 <0.001 0.014 <0.001
(0.012 to 0.017) (0.01 to 0.017)
Current FMI 0.087 <0.001 −0.018 0.23
(0.062 to 0.113) (−0.047 to 0.011)
Current LMI 0.03 <0.001 0.032 <0.001
(0.026 to 0.034) (0.026 to 0.038)
Conditional BMIa 0.015 <0.001 0.014 <0.001
(0.012 to 0.019) (0.01 to 0.017)
Conditional BMI was estimated from current BMI regressed on adolescent BMI
Model 1 is a base model examining association between BMD and each of four explanatory variables (adolescent BMI, adulthood BMI, adulthood fat
mass, and adulthood lean mass), adjusting for sex, age at the first wave of data collection (W1) in 2003–2005 (adolescence), age at the second and third
waves (W2/3) in 2009–2012 (current/adulthood), height at W1 (cm), and height at W2/3 (cm)
Model 2 examined association between adolescent BMI (kg/cm2 ) and adulthood BMD (g/cm2 ) adjusting for current BMI, sex, age at W1, age at W2/3,
height at W1, and height at W2/W3
Model 3 examined association between adolescent BMI and adulthood BMD, adjusting for current FMI (kg/m2 ), current LMI (kg/m2 ), sex, age at W1,
and age at W2/W3, height at W1, and height at W2/W3
Model 4 examined association between adolescent BMI and adulthood BMD, adjusting for conditional BMI, sex, age atW1, age at W2/3, height atW1,
and height at W2/W3
BMI body mass index (kg/m2 ), FMI fat mass index (kg/m2 , log-transformed), LMI lean mass index (kg/m2 )
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Discussion
There were less underweight young adults from this transi-
tional rural community compared to during adolescence. Al-
though these young adults on average had low bone mass,
there was no clear evidence for an association between bone
mass during young adulthood and thinness during adoles-
cence when adjusted for current fat and lean mass. There
was stronger evidence for a positive association between bone
mass and lean mass than fat mass in young adulthood.
Comparison with previous research
While there are a number of studies examining association be-
tween bone mass in later life and birthweight, there are relative-
ly few studies focusing on the long-term effects of nutritional
status during adolescence on adult bone mass [8]. The New
Delhi Birth Cohort examined the associations between bone
mass during adulthood (age 33–39) and early life height and
weight [25]. This cohort also had low BMI (15.1 kg/m2 for
boys and 15.4 kg/m2 for girls) at age 11, although by age 33–
39, the average BMI had increased to above 25. The study
found positive associations between femoral neck and lumbar
spine BMC and aBMD during adulthood and BMI at age 11,
but similarly to our findings, these associations were attenuated
upon adjustment for adult BMI. They also assessed changes in
BMI in infancy, childhood, and adolescence and found that the
change in BMI during adolescence was most strongly associat-
ed with adulthood bone mass. In our previous analyses, we
found no strong evidence for a positive association between
areal bone mineral density as young adults and early life nutri-
tional supplementation [26].
The study subjects in the APCAPS gained weight between
late adolescence and young adulthood. The Penn State Young
Women’s Health Study compared healthy women who gained
weight in late adolescence (17–22 years) to those who had
stable weight [27]. Those who gained weight had higher
aBMD and greater bone cross sectional area in proximal fe-
mur shaft. This result is in line with our findings where larger
gain in BMI during young adulthood is associated with higher
aBMDs. Of note, their study also found that the bone strength
index decreased in women who became overweight during
late adolescence and suggested a potential negative effect of
excess weight gain during adolescence on bone strength.
Table 4 Multivariable models examining associations between body mass index during adolescence (2003–2005) and current bone mineral density
(2009–2012) in the lumbar spine in young adults of the Andhra Pradesh children and parents study (2003–2012)
LS BMD
Model 1 Model 2 Model 3 Model 4
β β β β
(95 % CI) p (95 % CI) p (95 % CI) p (95 % CI) p
Adolescent BMI 0.012 <0.001 0.006 0.03 0.005 0.06 0.011 <0.001
(0.008 to 0.016) (0.001 to 0.011) (0.00 to 0.01) (0.007 to 0.015)
Current BMI 0.008 <0.001 0.006 <0.001
(0.006 to 0.011) (0.003 to 0.009)
Current FMI 0.048 <0.001 −0.013 0.41
(0.024 to 0.072) (−0.043 to 0.017)
Current LMI 0.016 <0.001 0.014 <0.001
(0.012 to 0.02) (0.008 to 0.02)
Conditional BMIa 0.007 <0.001 0.006 <0.001
(0.004 to 0.01) (0.003 to 0.009)
Conditional BMI was estimated from current BMI regressed on adolescent BMI
Model 1 is a base model examining association between BMD and each of four explanatory variables (adolescent BMI, adulthood BMI, adulthood fat
mass, and adulthood lean mass), adjusting for sex, age at the first wave of data collection (W1) in 2003–2005 (adolescence), age at the second and third
waves (W2/3) in 2009–2012 (current/adulthood), height at W1 (cm), and height at W2/W3 (cm)
Model 2 examined association between adolescent BMI (kg/cm2 ) and adulthood BMD (g/cm2 ) adjusting for current BMI, sex, age at W1, age at W2/3,
height at W1, and height at W2/W3
Model 3 examined association between adolescent BNU and adulthood BMD, adjusting for current FMI (kg/m2 ), current LMI (kg/m2 ), sex, age atW1,
and age at W2/3, height at W1, and height at W2/W3
Model 4 examined association between adolescent BMI and adulthood BMD, adjusting for conditional BMI, sex, age atW1, age at W2/3, height atW1,
and height at W2/W3
LS lumbar spine, BMI body mass index (kg/m2 ), FMI fat mass index (kg/m2 , log-transformed), LMI lean mass index (kg/m2 )
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Studies have suggested different patterns of associations
between aBMD and fat and lean mass [14, 28–30]. In our
study, there was no strong evidence for positive associations
between aBMDs and fat mass. On the other hand, there was
more consistent evidence for a positive association between
aBMD and lean mass than fat mass, similarly to previous
studies assessing relative contributions of fat and lean mass
to bone mass accrual [28, 29].
It is important to note that aBMD in this study population
was generally lower than values for bone mass values for
young adults reported in a national DXA study in India [25].
The individuals with current BMI in the normal range had
aBMD values closer to the national reference values than
those with lower BMI values [25]. The current study found
stronger evidence for an association between bone mass in
young adulthood and current BMI than adolescent BMI.
The weight gain during late adolescence may not have
been sufficient for some of the study participants to
achieve full catch-up growth. It is also possible that
weight-bearing physical activity level was not high enough
during late adolescence and young adulthood in this
population.
Strengths and limitations
The main strength of this study is the availability of longitu-
dinal data on height and weight, allowing the assessment of
long-term effects of undernutrition during adolescence on
bone mass in young adulthood. The study subjects experi-
enced a unique circumstance where nutritional status of the
study subjects improved greatly toward the end of the skeletal
growth phase due to socioeconomic development in their vil-
lages. This setting allowed for an assessment of potential mit-
igation of the effects of undernutrition in early adolescence
through improved nutritional status in late adolescence and
young adulthood. Another strength of the study was the use
of fat and lean mass from DXA scans to understand how
different types of body mass may be distinctly associated with
bone mass.
The study also had some limitations. The DXA measure-
ments were not performed during adolescence, making it less
clear whether and how bone mass improved, as weight, fat
mass, and lean mass increased during adolescence. However,
the association between body size and bone mass has been
shown repeatedly in previous studies [14, 27], and therefore, it
is reasonable to assume that the study subjects who were
mostly underweight during adolescence also had lower z-
scores for bone mass for their age than healthier adolescents.
Finally, due to a lack of detailed nutritional and activity data
from W1, we could not explore long-term effects of lifestyle
risk factors during adolescence that may have been important
for skeletal growth.
Conclusions
In healthy individuals, much of bone mass accrual occurs
during adolescence. As socioeconomic development con-
tinues in low- and middle-income countries, many children
and adolescents are experiencing the effects of nutritional
transition. Our findings suggest that weight gain combined
with improvement in lean mass in young adulthood may be
able to help mitigate adverse effects of undernutrition during
adolescence on bone mass in young adulthood.
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6.2 Unpublished data from Research Paper 3






then applied   to  bone area  in  hip and  lumbar  spine as  well   to  assess  association
between   adolescent   thinness   and   bone   size   in   adulthood   (6.2.3).   The   last   two
subsections focused on body composition and bone outcomes in adolescents. In the




















age (years) 722 15.9(0.9) 385 15.9(0.9) 0.64
sex 220 30% 298 77% <0.001
BMI 
(kg/m2)
722 16.9(2.1) 389 17.9 (2.6) <0.001
143
occupation 722 389 <0.001
student 590 82% 274 70%
employed 95 13% 71 18%










About   65%   of   index   children   who   participated   in   W1   also   underwent   DXA
measurement   during   W2/3.   There   were   more   female   non­participants   than
participants   in   W2/3.   Mean   BMI   was   lower   in   W2/3   participants   than   non­
participants,   which   may   have   biased   the   association   between   adulthood   bone





without   artifacts   from W2/3.  The   regression  analyses   in  Research  Paper  3  were






taken   during  W1   (n  =   1111).  All   variables  with  missing   values  were   imputed
through multiple imputation using R package mice (version 2.22) [219,220]. 
Table 6.2: Availability of variables used in multivariable regression models for






All  sex 1111 0
village 1111 0

























For  derived  variables   (BMI,  FMI,   LMI,   conditional  BMI),  passive   imputation  and
handling as 'just another variable' were considered. A previous study has shown that














longitudinal   effects   of   adolescent  BMI  on  BMD  remained  weak   in   this   analysis.




Multiple   imputation   is   generally   considered   to   be   a   better  method   of   handling












Model 1 Model 2 Model 3 Model 4
β p β p β p β p
(95% CI) (95% CI) (95% CI) (95% CI)
adolescent BMI 0.009  <0.001 0.001  0.51 0.001  0.79 0.009  0.002
(0.004 to 0.013)  (­0.003 to 0.005)  (­0.004 to 0.005) (0.004 to 0.014)
current BMI 0.009  0.002 0.009 0.001
(0.005 to 0.014)  (0.004 to 0.013)
current FMI 0.044 0.006 0.018 0.25
(0.014 to 0.073)  (­0.014 to 0.051) 
current LMI 0.019  <0.001 0.018  <0.001
(0.013 to 0.024)  (0.012 to 0.023)

















Model 1 Model 2 Model 3 Model 4
β p β p β p β p
(95% CI) (95% CI) (95% CI) (95% CI)
adolescent BMI 0.009  <0.001 0.003  0.09 0.005  0.01 0.009  <0.001
(0.005 to 0.011)  (­0.001 to 0.007)  (0.001 to 0.009) (0.006 to 0.012)




current FMI 0.028  0.017 0.002  0.87
(0.005 to 0.052)  (­0.025 to 0.03) 
current LMI 0.012  <0.001 0.009  0.001
(0.007 to 0.016)  (0.004 to 0.014)



















key  determinant   of   bone   strength   and   risk   of   fracture;   however,   bone   size   also






















Model 1 Model 2 Model 3 Model 4
β p β p β p β p
(95% CI) (95% CI) (95% CI) (95% CI)
adolescent BMI 0.02 0.81 ­0.04  0.66 ­0.09  0.41 0.02 0.82
(­0.17 to 0.22) (­0.22 to 0.14)  (­0.31 to 0.13) (­0.18 to 0.22)
current BMI 0.06  0.47 0.07  <0.001
(­0.11 to 0.22)  (­0.09 to 
0.24)
current FMI ­0.85  0.22 ­1.17  0.07
(­2.27 to 0.58)  (­2.46 to 0.19) 
current LMI 0.36  <0.001 0.44  <0.001
(0.2 to 0.51)  (0.23 to 0.65)
















Model 1 Model 2 Model 3 Model 4
β p β p β p β p
(95% CI) (95% CI) (95% CI) (95% CI)
adolescent BMI 0.23 0.01 0.052 0.74 0.15 0.42 0.23 0.009
(­0.05 to 0.5)  (­0.28 to 0.38) (0.25 to 0.55) (­0.04 to 0.5)
current BMI 0.23  0.001 0.21  0.014
(0.1 to 0.36)  (0.04 to 0.37)
current FMI  ­1.77  0.007 ­3.0 <0.001
(­3.05 to ­0.5)  (­4.23 to ­1.79)
current LMI 0.59  <0.001 0.48 0.002
(0.33 to 0.85)  (0.28 to 0.96)



















estimated   from   healthy   Indian   children   and   adolescents   in   order   to   examine
longitudinal shift in body size at the community level. This descriptive analysis was
intended   to   assess   any   obvious   temporal   trend   in   adolescent   body   size   in   this
community as the number of adolescents in W3 was small ­ the small sample size


















age n height weight BMI n height weight BMI height weight BMI
female 14 47 150.4 38.2 16.7 28 148.1 37.0 16.8 154.7 46.4 18.7
15 114 151.6 40.2 17.2 38 151.2 41.6 17.7 156.1 48.4 19.3
16 222 151.3 40.5 17.6 57 150.6 39.3 17.8 156.9 49.7 19.9
17 117 152.8 42.0 18.1 72 152.3 40.3 17.4 157.4 50.9 20.5
male 14 40 150.4 35.6 15.1 30 150.7 35.7 15.5 159.9 48.2 19.4
15 129 154.7 38.9 16.0 46 159.3 39.1 16.4 164.5 53.1 19.9
16 248 160.8 43.2 16.4 58 162.6 45.4 16.9 168.1 56.8 20.3












































Age (n) n BA (cm2) BMC (g) BMD (g/ cm2)
Female
13 8 23.52 (2.53) 18.06 (3.81) 0.761 (0.104) 
14 19  25.35 (3.14) 19.3 (3.79) 0.759 (0.094)
15 23 26.8 (2.21) 21.31 (3.08)  0.796 (0.103) 
16 30 26.43 (2.89) 21.23 (4.03) 0.804 (0.117)
17 40 27.17 (2.46) 22.56 (2.89) 0.831 (0.086)
All 120 26.38 (2.78) 21.17(3.65) 0.802 (0.102)
Male
13 12 26.14 (5.05) 20.63 (5.55) 0.78 (0.088)
14 20 28.41 (3.99) 22.43 (4.7)  0.786 (0.087)
15 30 30.85 (3.6)  24.81 (6.42) 0.795 (0.145)
16 41 33.34 (3.08) 28.28 (4.63) 0.846 (0.102) 
17 59 34.73 (3.67) 31.25 (5.99) 0.898 (0.134)








Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
β p β p β p β p β p β p
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Height 0.31 <0.001  0.13 <0.001 0.35 <0.001 ­0.00 0.94 0.00 <0.001 ­0.00 0.02
(0.26 to 0.35) (0.07 to 0.2) (0.29 to 0.42) (­0.09 to 0.08) (0 to 0.01) (­0.01 to 0)
BMI 0.18 0.005 0.76 <0.001 0.019 <0.001
(0.06 to 0.31) (0.59 to 0.93) (0.02 to 0.02)
FM ­2.74 <0.001 ­2.71 <0.001 ­0.008 0.69
(­3.83 to ­1.65) (­4.19 to ­1.23) (­0.05 to 0.04)
















and   adolescent   undernutrition   and   body   composition   on   bone   mass   in   young
adulthood (Chapter 5 and 6). This chapter briefly summarizes the key findings from









undernutrition   in   some   rural   areas   of   LMIC.   Although   the   prevalence   of
undernutrition has been declining through nutrition transition, over a third of rural
Indians   are   still   underweight  [227].  While   there   is   clear   evidence   of   negative

















theory of developmental  origins of  osteoporosis  suggests   that  fetal  undernutrition
may cause intrauterine programming of skeletal size and shape, which may increase
risk of  osteoporosis   in later   life  [233]. Postnatal  protein energy malnutrition also
leads to poor skeletal growth and is a major health issue in India [234]. Data from
the first wave of data collection in APCAPS (2003­2005) showed that modest protein­
energy   supplementation   in   early   life  was   associated  with   slightly   greater   height
during early adolescence  [189]. It is unknown whether this modest protein­energy













90% of  peak  bone  mass   is   thought   to  accrue  by  age  20   in  healthy  populations
[127,235,236].   Early   adolescence   is   a   period  of   peak  bone  mass   accrual  [222].
Several studies on adolescents with anorexia nervosa disorders showed partial catch­








BMI,  greater   increase  in  BMI during  late adolescence was associated with  higher












and   increase   in   BMI   during   adolescence   suggests   that   nutrition   transition   in







in mid 30s were examined  in PMNS and NDBC respectively.  Bone mass  in these
young adults in APCAPS is likely to be near the peak values but not yet at the stage of
age­related   loss.  Secondly,   index  children   in  APCAPS  live   in  an  urbanizing   rural
162
community  and have  experienced  a  combination  of  early   life  undernutrition  and




















in   healthy   populations  [126],   it   seems   unlikely   that   females   in   the   APCAPS
community would be able to catch up to the same level as the NDBC population.
There  may   also   have   been   an   increase   in   BMI   at   younger   ages   in   the   NDBC
population,   allowing   an   earlier   start   to   catch­up   accrual   of   bone  mass,   or   pre­
adolescent nutritional status in the NDBC population may have been better than in
the index children in APCAPS. It is also unclear why BMD values are better in male
participants   in   APCAPS   despite   similar   average   BMIs   in   females   and  males   in
adulthood. One potential reason for this difference is greater lean mass and physical
activity level during adolescence in males. This is plausible as, during a focus group





and   extent   of   nutrition   transition   in   the   young   population,   which   generally
corresponded to the overall temporal change in urbanicity in the APCAPS study site.
While there are numerous studies examining the effects  of  early  life nutrition on
linear growth or rickets in LMICs, there are fewer studies evaluating the effects on








household­level   income. We were also unable to ascertain  longitudinal  change  in
bone mass during adolescence in index children as there was no DXA measurement
in  W1 although  previous   studies   have   consistently   shown  a  negative   association






adolescence   was   obtained   retrospectively.  Matching   of   birth   weight   records   to












D. Since the  index children  in this  study still  exhibited suboptimal bone mass  in
young   adulthood,   there   is   a   need   to   assess  whether   nutrition   transition   occurs



















index   children   in   the   intervention   area   received   only   partial   or   no   food
supplementation because the mothers shared the supplementation food with other
family members, did not consume it during pregnancy, or did not give it to children.




In   terms   of   adolescent   BMI,   anthropometric  measurements  were   done   on  well­
calibrated  machines   and   it   is   unlikely   that   the   systemic  measurement   error   in
adolescent   BMI   grossly   distorted   the   true   association   between   adolescent
undernutrition and adulthood bone mass  [208]. Coefficients of variation for height












health.   Currently,   increase   in   body   size   from   nutrition   transition   seems   to   be
improving bone mass accrual in the young population in this community. However,








LMICs,   there are three domains of  research questions to explore:  epidemiological
transition of bone health, dietary and nutrition transition, and environmental change













allow   analyses   of   how   these   three   transitions   are   associated  with   one   another.
Currently, APCAPS has data on overall environmental transition (urbanization) and
nutrition   transition   in   terms  of  body   size.  Building  upon   longitudinal  and   cross­
sectional findings from this study, several topics may be further explored in future




















Gene     Sex
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weight gain
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unclear   if   this   leads   to   osteoporotic   fracture   at   younger   ages.   The   clinical   and
economic burden of osteoporosis may be assessed in future studies by collecting data
on prevalence of osteoporotic fracture, premature death, disability, comorbidity, and
medical   costs   related   to  osteoporosis,  and   impact  on  productivity  and household
income. 
Survey of built environment in the APCAPS community.
Collaboration  between   city   planners   and  public   health   specialists   can  help   build
healthier   cities   that   can   tackle   complex   profiles   of   malnutrition   and   diseases.
Development of a new survey on the built environment for the APCAPS community is
underway. Longitudinal analyses of the built environment in urbanizing rural India







While   evidence   on   causes,   process,   and   impact   of   urbanization   and   nutrition
transition has been accumulating in HICs, there is much more work to be done in
LMICs.  The   lifecourse   framework   for   the   impact   of   nutrition   transition  on  bone
health   is   especially   important   in  LMIC   settings,  where   significant   transition  may
occur at various points in the lifecourse of bone. The current study provides insights
into   the   impact  of   the  combined effect  of  early   life  undernutrition  and nutrition
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TITLE   
Title  1 Identify the report as a systematic review, meta-analysis, or both.  1 
ABSTRACT   
Structured summary  2 Provide a structured summary including, as applicable: background; objectives; data sources; study eligibility criteria, 
participants, and interventions; study appraisal and synthesis methods; results; limitations; conclusions and 
implications of key findings; systematic review registration number.  
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INTRODUCTION   
Rationale  3 Describe the rationale for the review in the context of what is already known.  3 
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outcomes, and study design (PICOS).  
3 
METHODS   
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4 
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4 
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additional studies) in the search and date last searched.  
4 
Search  8 Present full electronic search strategy for at least one database, including any limits used, such that it could be 
repeated.  
4/OSM 
Study selection  9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, 
included in the meta-analysis).  
4 
Data collection process  10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes 
for obtaining and confirming data from investigators.  
4 
Data items  11 List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions and 
simplifications made.  
4/OSM 
Risk of bias in individual 
studies  
12 Describe methods used for assessing risk of bias of individual studies (including specification of whether this was 
done at the study or outcome level), and how this information is to be used in any data synthesis.  
NA 
Summary measures  13 State the principal summary measures (e.g., risk ratio, difference in means).  4 
Synthesis of results  14 Describe the methods of handling data and combining results of studies, if done, including measures of consistency 
(e.g., I2) for each meta-analysis.  
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which were pre-specified.  
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each stage, ideally with a flow diagram.  
6 
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provide the citations.  
6 
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intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.  
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Synthesis of results  21 Present results of each meta-analysis done, including confidence intervals and measures of consistency.  Figure 2-
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Risk of bias across studies  22 Present results of any assessment of risk of bias across studies (see Item 15).   
Additional analysis  23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see Item 16]).  13 
DISCUSSION   
Summary of evidence  24 Summarize the main findings including the strength of evidence for each main outcome; consider their relevance to 
key groups (e.g., healthcare providers, users, and policy makers).  
14 
Limitations  25 Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete retrieval of 
identified research, reporting bias).  
15 
Conclusions  26 Provide a general interpretation of the results in the context of other evidence, and implications for future research.  15 
FUNDING   
Funding  27 Describe sources of funding for the systematic review and other support (e.g., supply of data); role of funders for the 
systematic review.  
NA 
 
From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097. 
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APPENDIX  C:   Protocol   for   data   processing   for   night­time   light   intensity
(NTLI) scores.




Original   image and data processing are credited to  USA. National Oceanographic
Atmospheric   Administration   National   Geophysical   Data   Center   and   Defence
Meteorological Satellite Programme data collected by US Air Force Weather Agency.
Background
The   dataset   for   night­time   light   intensity   values   for   analyzing   urbanicity   in   the
APCAPS community was taken from the USA National Oceanographic Atmospheric





as   ‘stable’   datasets.   This   thesis   uses   Version   4.0  NTLI   data  [241].   NTLI   is   not




Boundaries  for all  APCAPS villages were developed via aerial  tracing of Bing Sat
imagery, using Java OpenStreetMap Editor (JOSM) (Figure C1). 
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Figure  C1:  Aerial   traced   boundary   around  Meerkhanpet   village.   Image  was














value for   the village by simply averaging the two cells  ((1+10)/2 = 5.5) would
overestimate the NTLI value for this village. The ‘super­resolution’ method splits each







better   estimate  average  night­time   light   intensity.  Credit:  Robin  Wilson  and
Chris Baker.
NTLI  data  are   sometimes  provided  by  multiple   satellites  as  a   satellite   is  only   in
service for a few years and its replacement usually launches before its predecessor is
brought out of service. When two or more satellites provide readings for the same











DMSP­OLS satellites  have been used with each one being  in use  for  a  few years
before replacement. They have not undergone precise inter­satellite or inter­annual





Domain NRP categories Ibrahimpatnum Aakulamailaram Engalguda
Agricultural & Allied Agricultural supplies & products 7 1 0
Animal husbandry & veterinary services 2 2 0
Communications Internet Café 6 0 0
Mail/Courier, inc. post office 3 0 0
Media / Press 2 0 0
Mobile Phone Shop and Services 35 1 0
Public Phone 1 0 0
Construction Cable TV services 1 0 0
Borewell Servicing 7 0 0
Cement/Brick Services and Shop 15 0 0
Construction Agency 6 0 0
Hardware 31 0 0
Metal & welding services 36 0 0
Stone Service and Shop 7 0 0
Timber & woodwork 33 0 0
Education College­ above X 15 0 0
High school­X 2 1 0
Middle – VII 2 0 0
Primary­IV 9 1 1
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Vocational 8 0 0
Special needs education 0 0 0
Energy Supplies Cooking gas/wood 3 0 0
Petrol station 2 0 0
Electricity supply, sub stations 1 0 0
Environment Recycling/Scrap Dealer 5 0 0
Commercial & Govt. Bank 8 0 0
Individual ATM 3 0 0
Finance Insurance 2 0 0





Food processed Only fried snacks or fast food 25 0 0
Sweets, ice cream 7 0 0
Tea/ coffee point, limited food items 22 1 0
Bakery 8 0 0
Fruit juice 2 0 0
Food raw Haleem/meat 4 0 0
Soft drink 8 0 0
Tiffin centre/restaurant 36 3 0
Fruit 31 0 0
Grains 10 1 0
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Meat 11 4 0
Chicken 14 2 0
Dairy 6 2 0
Market 1 0 0
Spice 1 0 0
Vegetable 18 0 0
Food services Government Ration Center 5 1 0




Water points; taps/pumps 0 0 0
Warehouse, godowns 1 0 0
Water tanks/storage 0 0 2
Government Police/Fire 1 0 0








Political Party Office 2 0 1
Welfare Provider 2 0 0
Medical AYUSH ­ ayurveda, yoga, unani, siddhi,  0 0 0
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homeopathy
Dentist 0 0 0
Diagnostic center 5 0 0
Government Aanganwadi 2 2 2
Hospital­ inpatient 10 0 0
Out patient clinic 24 2 0




Products Electronics Electronic items 13 0 0
Watches and Clocks 4 0 0
Products Fashion Bangle Store & Accessories, “emporium” 24 4 0
Clothes­ ready made 50 0 0
Fabric store 3 1 0
Gold/ Silver Jewelery 25 1 0
Shoes 15 0 0
Products Misc Bookstore & Stationary 3 0 0
Flowers 6 2 0
General Household Store 168 0 2
Gifts 3 0 0








Gym & Fitness center, swimming pool 2 0 0




Theater/Cinema 1 0 0
Library 0 1 0
Religious Religious Center 16 6 5
Burial place/Cremation 0 0 1
Services Professional Employment Consultancy 1 0 0
Law Firm / Advocate 3 0 0
Real Estate 5 0 0
Services Semi­skilled Ironing 15 1 0
Xerox & Printing 24 0 0
Services­ Skilled Electronic servicing 19 2 0
Hair Salon/Beauty Parlor 37 3 0
Hostel / Guesthouse / Resort 1 0 0
motorized machinery servicing 15 0 0
Photo studio/ videographer 21 2 0
Tailor & upholstery 56 1 0
Cobbler 0 0 0
Substance Alcohol branded shop 6 0 0
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Alcohol­ homebrew shop 3 0 0
Alcohol drinking joint 0 0 0
Tobacco products 11 0 0
Transport Bicycle Servicing 5 0 0
Bus stop/station. Auto­rickshaw point 2 0 1
Goods transport company 1 0 0
Travel Agency 0 0 0
Vehicle Parts, Supplies & Servicing 86 0 0
Vehicle Rental and Sales 11 0 0
Manufacturing Handicrafts; baskets, pottery, rugs, books 0 0 0
Large scale craftsmanship e.g. boats 0 0 0





























































2.  Prearrange   tables  with   columns   for:  GPS waypoint  number,   raw descriptions,


















































7.  Download  Garmin  GPSmap's  waypoints.  Check   that   the  waypoints  have  been































Ibrahimpatnam (1) 1 1 1 1 1
Mangalpalli (4) 8 14 7 7 6
Pocharam (6) 
/Ramireddyguda (7)
16 15 15 17 20
Nomula (9) 19 22 22 22 10
Lingampalli (10) 22 20 17 18 19
Engalgda (11) 23 23 23 23 23
Polkampalli (12) 13 12 11 14.5 8
Nainampalli (13) 20 13 20 19.5 13
Raipole (14) 5 6 4 4 5
Dandumylaram (15) 4 8 5 7 7
Rachaloor (21) 11 17 16 14.5 9
Lemur (22) 7 10 8 10 14
Mankhal (23) 2 3 14 12 12
Thummalur (24) 14 11 13 9 16
Maheshwaram (25) 3 2 2 3 2
Mansanpalli (26) 18 7 10 7 4
Gudur (27) 17 18 18 19.5 11
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Kandurkur (28) 6 4 3 2 3
Gummadivalli (29) 15 21 19 16 15
Thimapur (30) 12 16 12 12 17
Meerkhanpet (31) 10 19 9 5 22
Sardarnagar (32) 21 5 21 21 21
Nedunur (34) 9 9 6 12 18
































































































wb.fo wb.mv wb.bc m.wb.co
mments
1 1 1 1 4 4 2 0 1 earrings, 
bracelets, 
toerings






1 1 1 1 2 2 1 0 1 ring, 
buttons 
toerrings
ls = lumbar spine; wb = whole­body; fo = foreign object; mv = movement; bc = body composition grades
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